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ABSTRACT

Author: Kwon, Hyukjoon. PhD
Institution: Purdue University
Degree Received: May 2018
Title: System and Thermal Modeling of Hydraulic Hybrids: Thermal Characteristics Analysis.
Committee Chair: Monika Ivantysynova

Hybrid vehicles have become a popular alternative to conventional powertrain
architectures by offering improved fuel efficiency along with various other environmental benefits.
Among them, hydraulic hybrid vehicles (HHVs) have several benefits, which make it the superior
technology for certain applications over other types of hybrid vehicles, such as lower component
costs, more environmentally friendly construction materials, higher power densities, and more
regenerative energy available from braking. There have been various studies on HHVs, such as
energy management optimization, control strategies for various system configurations, the effect
of system parameters on the hybrid system, and proposals for novel hybrid architectures. One area
not been thoroughly covered in the past is a detailed modeling and examination of the thermal
characteristics for HHVs due to a difficulty of describing the rapid thermal transients in the
unsteady state systems.
In this dissertation, a comprehensive system and thermal modeling has been studied for
hydraulic hybrid transmissions (HHTs). The main motivation behind developing a thermal model
of HHTs is to gain a deeper understanding of the system’s thermal performance, and key
influencing factors, without relying on experimental data. This will enable HHVs to be designed
more efficiently by identifying and addressing potential issues with transmission’s thermal
performance prior to hardware testing. Since there exists no thermal study on HHVs in the past, a
thermal modeling method has been introduced, which can be applicable to hydraulic hybrid

xviii
architectures. A thermal modeling methodology based on a novel numerical scheme and accurate
theoretical description has been developed in order to capture the rapid thermal transient in the
hydraulic system under unsteady state conditions.
The model has been applied to a series HHT and validated with measured data from the
hardware-in-the-loop (HIL) test rig with a standard driving cycle, FTP-72. In addition, the
proposed thermal modeling methodology has been used to analyze and optimize the cooling
system of a novel HHV architecture, which is implemented in a sport utility vehicle (SUV) in
Maha Fluid Power Research Center. The modeling results have been compared with the measured
data while driving the vehicle. In both studies, the simulation results have shown a good correlation
with the experimental data in terms of the overall trends and variation ranges.
The goal of the developed model is the application to the system and thermal issues in
HHVs, such as thermal stability analysis, management of the cooling system, packaging and
hydraulic component optimization, and evaluation of thermal characteristics of different
architectures. As an advanced topic of this research, thermal management of an open and a closed
circuit hydraulic hybrid systems has been studied by simulation. The comparison results show a
potential to a better thermal management for the open circuit systems with smaller heat exchangers,
as well as less power consumption with incorporation of smaller charge pumps compared to the
closed circuit systems.
In the future, the developed comprehensive system and thermal modeling method can be
applied to different advanced topics, such as analysis of performance and thermal characteristics,
systems and components optimization, and systems evaluation with different external conditions,
for different hydraulic hybrid systems.

1

CHAPTER 1.

1.1

INTRODUCTION

Motivation

The unstable price of petroleum in recent years together with new gas emission regulations
have pushed automotive companies to develop new vehicle architectures with high fuel efficiency.
Figure 1 shows the US petroleum production and consumption from 1973 to 2050 (Davis,
Williams, and Boundy 2017). 70.0% of the total consumption of petroleum is used for the
transportation in 2015. Thus, fossil fuel consumption can significantly be reduced by using fuel
efficient systems in the on-road vehicles.

Figure 1. US petroleum production and consumption, 1973–2050 (Davis, Williams, and Boundy
2017).

2
Among several technologies for energy efficient vehicles, hybrid vehicles have become a
popular alternative to conventional power train architectures by offering improved fuel efficiency
along with various other environmental benefits. Even though hybrid electric vehicles (HEVs) are
dominating the current on-road vehicle market, hydraulic hybrid vehicles (HHVs) have been
studied by several research groups. Hydraulic hybrids have several important advantages
compared to electric hybrids (Baseley et al. 2007; J.-S. Chen 2015). The lower cost of the system
and lower weight of components including the energy storage device are one of the advantages of
HHVs. Figure 2 shows the Ragone diagram for different energy storage devices (Lu et al. 2014;
Wachsman, Marlowe, and Lee 2012; Werkstetter 2015). In the figure, we see that the hydraulic
accumulators have the highest specific power among the storage devices. Also, HHVs can capture
more regenerative power from braking with the high power density of the energy storage (Chicurel
1999; Midgley and Cebon 2012). The advantages of HHVs make them utilized in appropriate
purposes like refuge trucks (Bender, Bosse, and Sawodny 2014; Soriano et al. 2016), and buses
(Heskitt, Smith, and Hopkins 2012; Ramdan and Stelson 2016).

3

Figure 2. Ragone diagram for different energy sources (Lu et al. 2014; Wachsman, Marlowe, and
Lee 2012; Werkstetter 2015).

Hydraulic hybrid transmissions (HHTs) have been investigated by numerous researchers
and institutions since the 1970’s. The areas of the research for HHVs include parameter design
and the propulsion characteristics (W. Wu et al. 2014), energy management optimizations (Deppen
et al. 2012; B. Wu et al. 2004), control strategies for various system configurations (Filipi and Kim
2010), the effect of system parameters on series hybrids (Ramakrishnan, Hiremath, and
Singaperumal 2012), and proposals for novel hybrid architectures (Haria and Ivantysynova 2016;
Sprengel et al. 2015) among many others. One area which has thoroughly not been covered in the
past is a detailed examination of the thermal characteristics of such a system, while, for HEVs,
there have been several studies related to thermal characteristics such as thermal analysis of the
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transmission and weather impact on the vehicle efficiency (N. Kim and Rousseau 2015; Pesaran
2002). Thermal analysis of the system is vital for hybrid vehicles since it cannot only be utilized
for observing the thermal stability of the system, but thermal characteristics of the system are also
related to the system performance.
The main motivation behind developing a comprehensive system and thermal model for
HHTs is to gain a deeper understanding of the system’s thermal performance, and key influencing
factors, without relying on experimental data. This will enable HHVs to be designed more
efficiently by identifying and addressing potential issues with transmission’s thermal performance
prior to hardware testing. While sometimes overlooked, maintaining system temperature within an
acceptable range is essential for maximizing the performance and longevity of HHVs. Specifically,
temperature has a direct impact on oil viscosity which in turn strongly influences efficiency. If
excessively high oil temperatures are present, the viscosity of oil may drop too low as to impair
the load carrying ability of lubricating interfaces within the positive displacement machines
resulting in excessive wear and in extreme cases catastrophic failure. Excessive oil temperature
may also harm other system components such as seals and elastomeric accumulator bladders while
also causing oil degradation. The thermal model can be utilized for analyzing and optimizing the
thermal management system while designing the hydraulic system. The optimization of the cooler
will not only reduce the cost, weight and space of the cooler, but the consumed energy for the
cooler can also be reduced. In addition, the thermal model can be utilized for several purposes such
as a thermal stability analysis of the HHV system, optimization of the packaging of hydraulic
components, and evaluation of the thermal characteristics of different hybrid architectures, without
iterative and time-consuming experimental measurements.

5
1.2

Organization

This dissertation includes following chapters. First, backgrounds of the HHTs are handled
in Chapter 2 including the types of the HHTs and the state of the art for HHVs and thermal studies
on hydraulic systems. The theoretical study on modeling is described for the hydraulic system
model and thermal model in Chapter 3. In Chapter 4, thermal modeling for a series HHT is covered
with simulation study and measurement in the test rig. In Chapter 5, thermal modeling of a novel
HHT, which has recently been suggested by Maha Fluid Power Research Center, is studied with
the data measured in vehicle. As an advanced topic of the model, thermal management of open
and closed circuit series hydraulic systems have been compared by simulation in Chapter 6.
Finally, Chapter 7 concludes this research and possible future work.
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CHAPTER 2.

BACKGROUND

In this chapter, background provides a brief discussion of the HHTs. First, this chapter
begins with a classification of the various types of the HHTs. Then, the state of the art is described
including overall studies on HHTs and thermal studies on hydraulic systems.

2.1

Types of Hydraulic Hybrid Transmissions

Hydraulic transmissions can be classified into hybrid and non-hybrid transmissions.
Hydraulic accumulators are utilized in hydraulic hybrid systems as energy storage devices. The
types of hydraulic hybrids can generally be divided into three architectures, series hydraulic
hybrid, parallel hydraulic hybrid, and power split hydraulic hybrids.


Series Hydraulic Hybrid Transmission
In a series HHT, the hydraulic units working as a pump or a motor are connected in series.

One unit is connected to the engine and the other unit is connected to the wheel. As an energy
storage device, a high pressure accumulator and a low pressure accumulator are implemented in
the hydraulic line. Figure 3 shows an example circuit of the series HHT.

7

Figure 3. An example circuit of the series HHT.

In the series hybrid HHT, Unit 1 controls the state of charge of the high pressure
accumulator through controlling the system pressure, and Unit 2 controls the vehicle speed. The
design of the series HHT can be divided into open and closed circuits. The open circuit design
does not include a low pressure accumulator, instead uses an open reservoir. On the other hand,
series hybrids with closed circuit utilize the state of charge of the low pressure accumulator
determining the low pressure of the system.


Parallel Hydraulic Hybrid Transmission
In the parallel HHT, the hydraulic unit is connected in parallel to the main transmission.

The accumulator is used to store energy from vehicle braking and to run it for propulsion. Figure
4 shows an example circuit of a parallel hydraulic hybrid. The hydraulic unit works as a pump
during braking and as a motor while using the stored energy and propelling the vehicle. Since the
architecture of the parallel HHT is much simpler than other types of HHTs, it is generally easier
to install. Mostly parallel hybrid configurations are used for retrofitting existing drive trains.
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Figure 4. An example circuit of the parallel HHT.



Power Split Hydraulic Hybrid Transmission
The power split HHT utilizes a planetary gear together with a hydraulic hybrid system and

there exist more than a thousand possible configurations. Figure 5 shows an example circuit of
output coupled power split hydraulic hybrid systems. A planetary gear is used to split power from
the engine between a mechanical path and a hydraulic path. Power split HHTs utilize different
operating modes, such as power additive mode, full mechanical mode, and power recirculation
mode. In the power additive mode, when the speed of the vehicle is increasing, the power through
the hydraulic path is decreasing and the power through the mechanical path is increasing. Once
the power through the hydrostatic power path reaches zero, the transmission is under the full
mechanical mode. After the full mechanical mode, the power through the hydraulic path becomes
minus, and the vehicle drives with the power recirculation mode. Figure 6 shows the schematic of
the main operational modes of an output coupled power split transmission, where 𝜔𝐴 is the angular
speed of the sun gear, 𝜔𝐵 is the angular speed of the gear carrier, and 𝜔𝐶 is the angular speed of
the ring gear.
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Figure 5. An example circuit of output coupled power split hydraulic hybrid systems.
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Figure 6. Schematic of the main operating modes of an output coupled power split transmission.
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2.2

State of the Art

2.2.1 Studies on Hydraulic Hybrid Transmissions



Series Hydraulic Hybrid Systems
Series HHTs have been studied for several decades from the 1970s. In the earliest studies,

the main focus of the research on the series HHT was the development of a prototype. A series
HHV for passenger cars has been studied by simulation, which showed substantial fuel savings
and a possibility to be applicable to the real architecture (Elder and Otis 1973). A mechanical
bypass in parallel with a series hybrid has been studied, which indicated fuel savings between 17%
and 22% compared to the conventional series hydraulic hybrid (Heggie and Sandri 1980). In the
early 1990s, Volvo introduced the prototype work on series hydraulic hybrids with Cumulo
Hydrostatic Drive. A bus was used for dynamometer testing with a trapezoidal drive cycle, which
indicated potential fuel savings of 48% (Hugosson 1993). UPS delivery truck with series HHT has
been equipped in 2006 by EPA, Eaton, and UPS with other industrial partners and fuel savings of
60% to 70% has been achieved during the field testing (Wendel et al. 2007). In recent studies,
FTA, Altair, and Parker partnered each other to develop a series HHT for city buses with a more
efficient engine and reduced vehicle mass. The hybrid bus showed fuel improvement of 29% over
the most efficient electric hybrids, 47% over the identical nonhybrid bus, and 109% over the
conventional city bus (Heskitt, Smith, and Hopkins 2012).
There have been diverse simulation studies on the series HHT in a purpose of evaluation
of the performance and fuel savings. A series hybrid in a passenger car has been simulated and a
fuel economy of 60 mpg has been achieved with Federal Urban Driving Schedule (FUDS) cycle
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in the simulation (P. Wu, Fronczak, and Beachley 1985). Power bond graph approach has been
applied to predicting the dynamic response characteristics of a series HHT (Ramachandran,
Hiremath, and Singaperumal 2010). Fuel economy of the medium truck with a series HHT showed
improvement of the fuel economy by 72% and reduction of the particulate emission by 74%
compared to the conventional baseline, which was studied by simulation and the engine-in-theloop (EIL) techniques (Filipi and Kim 2010). The dynamic simulation for the series HHT has been
studied to improve the system output for different system parameters (Ramakrishnan, Hiremath,
and Singaperumal 2012). A model predictive control approach has been studied for fuel economy
improvement of a series HHT (Vu, Chen, and Hung 2014). Also, the analysis of the performance
of a rule-based, SDP, and MPC energy management strategy has been studied according to varying
drive cycles and model parameters for a series HHT (Deppen et al. 2015). A topological analysis
of a series hydraulic hybrid refuse-collecting vehicle was studied based on the simulation and it
shows fuel savings of up to 14% (Soriano et al. 2016).
For the control of the series HHT, the engine power management based on the state of the
charge control, which of the series hydraulic hybrid for a light truck, has been studied by simulation
work and fuel economy predictions for the optimized system indicated fuel savings of over 50%
under urban driving conditions (Y. J. Kim and Filipi 2007). Johri and Filipi proposed an optimized
supervisory control for a series HHT and fuel economy for FUDS driving cycle was shown 93
mpg with engine idling and 110 mpg with engine shut-downs (Johri and Filipi 2010). The
procedure for the design and implementation of a control strategy has been studied to optimize
energy of a light duty series HHT (Deppen et al. 2012). A model predictive controller was studied
for a series HHV to improve a fuel economy (Vu, Chen, and Hung 2014). A neural network power
management was studied for series HHTs to decrease average fuel consumption and it shows

12
around 26% decrease compared to a baseline constant control strategy (Sprengel and Ivantysynova
2017).
In addition, An open circuit series HHT has been used for the study on minimizing the size
of the energy storage (Beachley, Anscomb, and Burrows 1983). The pros and cons of open and
closed circuits of series HHTs have been studied in terms of the weight of hydraulic components
(Cross and Ivantysynova 2011). Energy management strategies for series HHTs has been study
with an open circuit system (Deppen et al. 2015).


Parallel Hydraulic Hybrid Systems
Parallel HHTs have been studied for several decades with series HHTs due to relative ease

of implementation. The previous studies include a variety of areas, such as development of a
prototype, control of the system, performance prediction and fuel efficiency optimization.
For the development of the prototype, the earliest studies for parallel HHTs, the round trip
energy storage efficiency of a parallel HHT has been studied by using experimental setup, which
showed the round trip efficiency of over 50% (Dunn and Wojcienchowski 1972) and after the
study, they achieved the round trip efficiency of 66% in the improved test rig (Dunn and
Wojcienchowski 1974, 1975). Also, in a subsequent study, the round trip efficiency of 75% was
achieved with the account of the aerodynamic drag of the flywheel (Dewey, Elder, and Otis 1974).
In the early 1980s, a prototype of parallel HHT has been developed by MAN and demonstrated
fuel savings of 25% compared to the conventional bus (Martini 1984). A fuel savings of 30% was
achieved with the braking storage system and downsized engine by Mitsubishi Motors (Nakazawa
et al. 1987). A parallel HHT for a bus was also developed by the Canadian National Research
Council, which indicated a reduction in fuel consumption of 17% in comparison with the
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conventional bus (Davies 1987, 1989). In 2000s, Ford, Eaton, and EPA developed a parallel HHT
for SUV, which showed fuel savings of 24% (Kepner 2002). A refuge truck with a parallel HHT
has been developed by Eaton with fuel savings of 30% in 2008. A hydraulic power system, which
can be easily installed in conventional buses, has been studied by experiment and simulation, and
it shows fuel savings of 28% in the real road tests (Liu et al. 2009; Yan, Liu, and Chen 2010).
In early simulation studies, the accuracy of the results is limited due to the lack of
computational ability. In a simulation study, a parallel HHT for a bus has been studied and
validated with a small delivery van, which indicated possible fuel savings of 25 to 30% (Buchwald
et al. 1979). A parallel HHT for a passenger car has been simulated with three different driving
cycles, and fuel economy up to 64 mpg is possible for urban driving cycles, while few fuel
economy improvement was achieved for a highway cycle due to the less regenerative braking
compared to urban driving (Tollefson, Beachley, and Fronczak 1985). A simulation of HHTs with
bond graph has been developed as a design tool to optimize the performance and efficiency of the
system (Pease and Henderson 1988). After 2000, a regenerative energy system with a parallel HHT
has been studied in simulation for use on heavy commercial vehicles (Matheson and Stecki 2003).
A systematic analysis of a different proposed parallel hydraulic hybrid powertrain has been
conducted for the Family of Medium Tactical Vehicles (FMTV) by Filipi and et al. (Filipi et al.
2004). Toulson studied a parallel HHT for small road vehicles in urban driving conditions through
modeling and simulation (Toulson 2008). Stochastic dynamic programming (DP) has been studied
for a parallel hybrid for maximizing the performance of the system (Johri, Baseley, and Filipi
2011). Several author used simulation to study the energy management of parallel HHTs for fuel
savings, fuel savings of around 20% has been achieved for refuge vehicles compared to the
conventional vehicle (Bender, Bosse, and Sawodny 2014; Bender, Kaszynski, and Sawodny 2013).
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For the control of the system, Wu and coworkers proposed a power management strategy
through a dynamic programming for a parallel HHT for a medium-size delivery truck, which
yielded the potential fuel savings of 47% (B. Wu et al. 2002, 2004). The optimal energy
distribution with a fuzzy torque control strategy has been studied for a parallel HHT with an urban
driving cycle (Hui, Ji-hai, and Xin 2009; Hui and Junqing 2010). A control strategy of optimal
brake energy recovery has been proposed in simulation for a parallel HHT, and the results yielded
recapturing of 42.7% of the brake energy (Z. Zhang, Chen, and Wu 2012). The front-mounted
parallel HHT has been analyzed for control strategies and system optimization (Y. Chen et al.
2017).


Power Split Hydraulic Hybrid Systems
For the power split HHTs, the first prototype has been developed and patented in 1980 for

a passenger car, which indicated fuel savings of 100% (Shiber 1979, 1980). Various transmissions
of power split HHTs have been studied for city buses by simulation work and they achieved fuel
economy improvement of 5% for a hydrostatic power split transmission, 14% for a compound
hydrostatic power split transmission, and 28% for a power split HHT using a compound planetary
gear train compared to the baseline bus (Bowns, Vaughan, and Dorey 1981; Dorey and Vaughan
1984).
After 2000, the dynamic analysis and controller of a power split HHT were studied for a
passenger vehicle (Cheong et al. 2014; Cheong, Li, and Chase 2011; P. Y. Li 2010; Sim and Li
2009; H. Zhang, Wang, and Stelson 2017). All possible configurations of a power split HHT with
two planetary gears were explored with the three-step design methodology (C.-T. Li and Peng
2010). Kumar and Ivantysynova proposed an output coupled power split HHT for a passenger car
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application (Kumar and Ivantysynova 2009, 2010). The power split drive transmissions with
energy recovery have been invented for automotive applications (Ivantysynova, Carl, and
Williams 2008). Peugeot and Bosch Rexroth developed an output coupled power split HHT for a
passenger car and demonstrated fuel savings up to 45% in 2013 (Hybrid Air, an innovative full
hybrid gasoline system n.d.). A power split HHT for medium duty vehicles has been tested on a
dynamometer test rig showing a fuel economy improvement of 19% for the Baltimore driving
cycle and 52% for the New York City Composite cycle (Lammert et al. 2014). An optimal power
split HHT has been studied for a city bus (Ramdan and Stelson 2016). A power split HHT has
been studied for system optimization and compared with a power split hydrostatic transmission by
simulation (Macor et al. 2017; Rossetti and Macor 2013).


Other studies on Hydraulic Hybrid Systems
There have been studies on comparison among different hybrid architectures. The HHV

and HEV transmissions have been studied by comparison in terms of the fuel efficiency and
performance (J.-S. Chen 2015; N. Kim and Rousseau 2013; Soriano et al. 2016; Yang, Luo, and
Li 2017; Zhao and Tatari 2017). Dynamic programming for the series hybrid transmission and the
power split HHT has been studied by comparison with the manual transmission and automatic
transmissions (Sprengel and Ivantysynova 2013, 2014a, 2014b). The fuel economy of the series
HHV, parallel HHV, and power split HHV are studied and the power split HHT showed the best
fuel economy for various hydraulic efficiencies (Du et al. 2013).
In addition to the series HHT, parallel HHT, and power split HHT, there have been several
studies on transmission architectures for other types of HHVs. Other several unique architectures
have been studied in recent studies, such as hybrid transmission with a series of check valves for
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various modes of operation (Gray 2004), the hydro-mechanical drive train with independent wheel
torque control (Van de Ven, Olson, and Li 2008), hydraulic hybrid drive with a series hybrid and
a hydrostatic transmission (Schneider and Krautler 2009), a new hydraulic closed-loop energy
saving transmission based on a hydrostatic transmission (Ho and Ahn 2010, 2012), and a new
energy efficient hydraulic hybrid propulsion system (W. Wu et al. 2014, 2016). In Maha Fluid
Power Research Center, there have recently been studies on novel hydraulic hybrid architectures
for the blended HHT (Sprengel et al. 2015) and the mode switching HHT (Haria and Ivantysynova
2016).
There have been several studies related to the hydraulic energy storages for HHVs, such as
regenerative brake of hydraulic system (Pourmovahed, Beachley, and Fronczak 1992a, 1992b;
Scott and Yamaguchi 1984), comparison of different types of energy storage units (Baseley et al.
2007; Chicurel 1999; Clegg 1996; Midgley and Cebon 2012; Xu et al. 2017), energy recovery of
the hydraulic system, and a novel hydraulic accumulators (P. Y. Li, Van de Ven, and Sancken
2007; Strohmaier, Cronk, and Van de Ven 2015; Van de Ven 2013). There have been several
studies on hydraulic-electric synergy systems, which use advantages from both types of hybrid
vehicles (Hui et al. 2011; Hui, Lifu, and Junqing 2010; Ramakrishnan, Hiremath, and
Singaperumal 2014). Also, a hydraulic-pneumatic synergy system was studied recently for a
mining truck (Yi et al. 2018).

2.2.2 Thermal Studies on Hydraulic Systems

Thermal studies on hydraulic operating systems can largely be divided into two areas,
studies at the component level and studies at the system level. There have been fewer studies on
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the thermal characteristics of the hydraulic systems compared to other research topics mentioned
previously. There was no thermal study on HHTs in the past.
Different studies on the thermal behavior of the hydraulic components have been studied
for several decades. In the early studies, the losses of the hydraulic pumps and motors have been
studied by thermodynamic methods to monitor the efficiency of the system (Kjolle 1978; Norgard
1973; Witt 1974; Witt and Schlosser 1977). In addition, several studies for hydraulic pumps and
motors have been studied based on thermal approaches until recently (Bae, Vuong, and Park 2012;
C. Li and Jiao 2006; Y. Li et al. 2008; Manco and Nervegna 1989; Nykanen 2003; Shang and
Ivantysynova 2015). For the hydraulic accumulator, which is one of the main components of HHV,
several thermal works have been studied for accumulators, such as thermal damping and thermal
constants, and thermal enhancement of the compressed air in the accumulator (Frank Wicks et al.
2002; J. Li et al. 2011; Pourmovahed and Otis 1984, 1990; Puddu and Paderi 2013).
For the thermal studies on hydraulic systems, the efficiency of a hydraulic transmission has
been calculated by hydraulic and thermodynamic methods (Kjolle 1989, 1993). Also, the thermal
and hydraulic performance of the open circuit hydraulic transmission has been simulated by a
lumped parameter model based on mass and energy conservation equations (Sidders, Tilley, and
Chapple 1996). Hydraulic systems for the electro-hydrostatic actuator (EHA), which have widely
been used for commercial aircrafts, have been studied for several research topics in different
research groups, such as losses and temperature calculations, heat generation and thermalhydraulic modeling on EHA systems (Andersson et al. 1999; K. Li et al. 2014; Svensson,
Andersson, and Rydberg 1999). Condition monitoring of the system based on thermodynamic
analysis has been studied to observe the efficiency of the propel drive of a combine harvester in
the unsteady state (Pomierski 1999, 2001). A thermal model based on a lumped parameter model
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has been developed with an integration method to solve coupled equations of the hydraulic system
model and thermal model (Chenggong and Zongxia 2008). A thermal model to predict the
temperature of the hydraulic system has been studied based on thermodynamic approaches for the
displacement controlled system with multiple actuators (Busquets and Ivantysynova 2013). A
thermodynamic analysis of the hydraulic system has been studied based on the pseudo-bond graph
(Hu and Li 2015). The cavitation in the hydraulic system was predicted by a thermal-hydraulic
modeling concept with calculated oil temperature (Zhou, Wei, and Hu 2015). Thermodynamic
analysis of a hydraulic braking energy recovery system has been studied to observe the charging
and discharging efficiencies of the braking system (Panchal, Dincer, and Agelin-Chaab 2016).
In summary, the temperature of the hydraulic system predicted from the previous studies
generally showed accuracy around 5 to 10ºC, which is possible to predict the temperature trend
and some absolute temperature degrees of the system. In system scales, there exists no thermal
study on HHTs, and only a few of thermal studies focused the modeling of the hydraulic system
under unsteady state conditions.

2.3

Research Objectives

In this dissertation, a comprehensive system and thermal model for HHTs is proposed and
verified with measurement data. The model was comprised of both a hydraulic system model and
a thermal model, using a lumped parameter modeling approach. The model was used to analyze
different types of HHTs, such as open and closed circuit series hydraulic hybrids and a novel
hybrid architecture. The simulation results were validated through different measured data
collected from the HIL test rig and the Maha hybrid vehicle, recently proposed by researchers at
the Maha lab (Sprengel et al. 2015). The model contains a novel simulation scheme for capturing
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rapid thermal transients within the hydraulic system under unsteady state conditions. The proposed
model allows conducting thermal stability analysis of the hybrid system, analysis and optimization
of the cooling system, packaging analysis and optimization of the system. To this end, the
following detailed objectives were pursued:


Develop a comprehensive thermal system model for HHTs of various architectures considering
unsteady state conditions.



Suggest a novel simulation scheme to describe the rapid thermal transients of the hydraulic
systems under unsteady state conditions with a better theoretical description of the system.



Validate the simulation results with experimental data measured in the test rig and in the
vehicle.



Analyze the thermal management system of hydraulic hybrid power trains based on the thermal
model.



Compare the thermal stability of the open and closed circuits of series hydraulic hybrids.
Based on the state of the art of the research on HHTs, the original contributions of this

research can be described as follows:


First study on thermal modeling of HHTs



Development of a combined system and thermal modeling methodology based on a novel
simulation scheme and physics-based models for capturing the rapid thermal transient of
the hydraulic system under unsteady state conditions



First thermal management analysis of open and closed circuit hybrid systems by simulation
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CHAPTER 3.

MODELING APPROACH

There are mainly two types of models based on physical laws. The first one is the lumped
parameter model approach leading to ordinary differential equations, which can be solved
analytically or numerically. One of the advantages of the lumped parameter approach is quick
simulation time over relatively large domains. The other modeling approach uses distributed
parameters, which leads to partial differential equations. The modeling with distributed parameters
is solved using numerical methods such as FEM (finite element method), FVM (finite volume
method), and FDM (finite difference method). An advantage of the distributed parameter approach
is that those models are generally more accurate than the lumped parameter models, even though
they require expensive computation time for large areas. Thus, the lumped parameter model is
suitable for the system analysis with relatively large areas, while the distributed parameter models
are proper for the component analysis with more exact prediction and expensive computation time.
In this research, a lumped parameter model approach is used for the system level analysis.
The main difference of the hydraulic hybrid transmission from the nonhybrid hydraulic
transmission is the existence of the accumulator. The energy variation stored in the hydraulic
accumulator needs to be modeled. The polytropic process with a quasi-adiabatic condition can be
assumed for the accumulator, which is generally charged by nitrogen gas. In the HHT, most of the
heat is generated in the hydraulic units due to the power loss while transferring energy. In this
study, the heat generated in hydraulic lines is neglected since the amount is minor for the overall
system. The nitrogen gas inside the accumulator is considered as adiabatically insulated from
hydraulic oil. The heat generated outside of the hydraulic system such as the engine and
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mechanical shaft is not considered in the modeling and the measured ambient air temperature is
used as a boundary condition.

3.1

Methodology

The main purpose of the modeling in this thesis proposed for thermal analysis is to predict
the system temperature distribution and the required cooling power for the given driving cycle of
HHVs. Figure 7 shows the structure of the tool proposed for thermal analysis of any kind of HHTs.
The tool requires the input of the system structure together with all parameters of the system
components. In a next step, the hydraulic system is modeled with the system controller and vehicle
dynamics as described in Chapter 3.2 in more detail. The modeling results from the hydraulic
system model are used as input parameters for the thermal model. The modeling results from the
hydraulic system model are used as input parameters for the thermal model. The theoretical
descriptions for each control volume are determined based on the operating conditions and
assumptions. In the thermal model, a novel modeling approach is utilized for describing the rapid
thermal transient in the hydraulic hybrid systems under the unsteady state conditions. In addition,
compressible flow is considered in the modeling for an accurate theoretical description of the
highly compressed fluid up to 450 bars, while the fluid is assumed as incompressible in most
previous studies. The results from the hydraulic system model and thermal model are validated
with the measured data by different sources such as data from test rigs and vehicles. The validated
model is used for the system and thermal analysis, and if necessary, the system design and
components are changed for optimization of the systems. The combined system and thermal model
can be applied for further advanced topics such as thermal characteristics comparison of different
systems, system and thermal prediction of new systems, and thermal management optimization.
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Figure 7. Methodology for the system and thermal modeling study for HHTs.

For calculating the system temperature of the hydraulic system, the flow rate and pressure
can be used as input parameters, which can be obtained from the hydraulic system. Figure 8 shows
the block diagram of the thermal model used in this study. First, pressure and temperature lookup
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tables are utilized to determine oil properties, such as density, viscosity, enthalpy, and specific
heat. For the simulation of the HHTs, it is not easy to capture the rapid thermal transient due to the
rapid flow variation in the hydraulic system. To handle the issue, a novel numerical scheme for
switching parameters in the control volumes is applied based on the direction of the flow in this
study, while the other previous studies the parameters are determined according to the control
volume location. Second, the input and output energy flows are calculated by the flow rate, density,
and enthalpy, which are also determined by the switching parameter scheme in the control volume.
Third, the work done in the system is determined differently for different hydraulic components
with pressure and flow rate. The work term of the positive displacement machines is described by
the work through the mechanical shaft. Then, the heat transfer is calculated with the material
properties, system temperature and flow rate. As the last step, the energy flow, heat transfer, and
work in the system are utilized in the governing equation for calculating the system temperature,
which is derived for the compressible flow to improve the accuracy of the model. The detailed
methods used in this study is described in the following sections.
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Figure 8. Block diagram of the thermal modeling approach
(p: pressure, Q: flow rate, T: temperature).

In order to obtain the flow rate and pressure for thermal modeling, the hydraulic system
needs to be modeled together with vehicle dynamics. Figure 9 shows the block diagram of the
overall system model approach proposed and studied in this research for the hydraulic hybrid
system. The hydraulic system model calculates the flow rate and pressure of the system based on
the duty cycle, vehicle dynamics, and controller of the system. The thermal model utilizes the flow
rate and pressure data from the hydraulic system model to calculate the system temperature. The
details of each model for the hydraulic system, thermal system, system control, engine dynamics,
and vehicle dynamics are described in the following sections.
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Figure 9. Block diagram of the overall system model approach for the hydraulic hybrid system.

3.2

Hydraulic System Model

We utilize the lumped parameter approach for the hydraulic system model due to its
advantages for system scale analysis. Governing equations are included for hydraulic components
which could be accurately described analytically, while empirical models, based on steady state
measurements, can be used to describe the positive displacement machine’s loss characteristics.
For calculating the displacement of the pump, the pump dynamics are neglected. The displacement
volume is obtained based on the system feedback control signal. The details of the models used in
this research study are described for calculating the flow rate through the hydraulic components
and pressure of the hydraulic line. The hydraulic system model can be used for calculating the
flow rate and pressure of the overall system and those data can be used as input parameters for the
thermal model.
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3.2.1 Model for the Positive Displacement Machines

The effective flow rates delivered by the positive displacement pump or required at the
inlet of a positive displacement motor can be modeled through an empirical loss model, which is
based on the measured data utilizing steady state measurement according to ISO standard. Figure
10 shows the schematics of the loss behavior of the positive displacement machines. When the
positive displacement machine works as pump, the effective flow rate 𝑄𝑒 can be calculated
through the theoretical flow rate 𝑄𝑖 minus volumetric loss 𝑄𝑠 . The effective torque 𝑀𝑒 of the pump
is given by the sum of theoretical torque 𝑀𝑖 and torque loss of the pump 𝑀𝑠 . In case of the positive
displacement machine working as motor, the effective flow 𝑄𝑒 of the motor equals the theoretical
flow 𝑄𝑖 plus volumetric losses 𝑄𝑠 . The effective torque 𝑀𝑒 of the motor is given by the theoretical
torque 𝑀𝑖 minus the torque losses 𝑀𝑠 .

(a)

(b)

Figure 10. Schematics of the loss behavior of the positive displacement machines, (a) pump and
(b) motor)

According to DIN ISO 4391, the volumetric losses include external volumetric losses 𝑄𝑠𝑒 ,
internal volumetric losses 𝑄𝑠𝑖 , filling losses 𝑄𝑠𝑓 , and volumetric losses due to the compressibility
of the fluid 𝑄𝑠𝑘 (Ivantysyn and Ivantysynova 2001). The internal and external volumetric losses
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happen due to the internal and external leakage flow. The filling losses occur because of the
incomplete filling of the displacement chamber. The volumetric losses due to the compressibility
of the fluid are proportional to the differential pressure between the inlet and outlet of the hydraulic
unit. The summation of these four volumetric losses determines the volumetric losses of the
positive displacement machines.
The torque losses include mainly four types of losses. First, the torque losses due to the
turbulent flow 𝑀𝑠𝜌 include the friction loss in the turbulent flow region like churning losses and
the torque loss due to the impulse change. The torque loss dependent on unit speed 𝑀𝑠𝜇 is
proportional to the unit speed and it occurs due to the viscous friction between the sliding surfaces
of the unit. The torque loss dependent on pressure 𝑀𝑠𝑝 occur due to the normal force, which is
proportional to the operating pressure. The last one is the torque loss independent on operating
parameters 𝑀𝑠𝑐 and it is affected by manufacturing tolerances, initial stresses on seals, preloaded
springs and other preloaded parts, which is generally constant for a given hydraulic unit.
In this research study, an empirical loss model is used for describing the volumetric losses
and torque losses. Figure 11 shows an example of the loss model for an axial piston pump. Due to
these power losses, energy is dissipated and the temperatures of the fluid and the pump ports
increase. The energy dissipation and heat generation is considered in the chapter for the thermal
model with the energy balance equation.
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(a)

(b)

Figure 11. Example of the loss model for a hydraulic unit, (a) volumetric efficiency and (b)
torque efficiency.

The theoretical flow can be calculated with the unit speed and derived displacement as
follows:
𝑄𝑖 = 𝑛𝛽𝑉𝑖

(1)

where 𝑄𝑖 is the theoretical flow rate, 𝑛 is the speed of the unit, 𝛽 is the adjusted displacement of
the unit normalized to the maximum displacement, and 𝑉𝑖 is the derived displacement volume.
Theoretical torque 𝑀𝑖 can be obtained from the following equation:
𝑀𝑖 =

𝛽𝑉𝑖 Δ𝑝
2𝜋

(2)

where ∆𝑝 is the differential pressure between the inlet and outlet ports. Theoretical flow rate and
theoretical torque are used for calculating the effective flow rate and effective torque as described
in the previous pages.
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3.2.2 Hydraulic Line Model

The pressure in the hydraulic line is built up based on the summation of the inlet and outlet
flows of the hydraulic line. The derivative of pressure with respect to time of each control volume
can be obtained from the pressure build-up equation (Klop and Ivantysynova 2011):
𝑝̇ =

1
𝑑𝑉
(∑ 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + )
𝐶ℎ
𝑑𝑡

(3)

where 𝑝̇ is the pressure variation rate, 𝐶ℎ is the hydraulic capacitance, and 𝑄𝑖𝑛 and 𝑄𝑜𝑢𝑡 are the
flow rates in and out of the control volume, respectively.
Pressure build-up in a rigidly constrained volume can be expressed by the following
hydraulic capacitance term:
𝐶ℎ,𝑙𝑖𝑛𝑒 =

𝑉
𝐾

(4)

where 𝐶ℎ,𝑙𝑖𝑛𝑒 is the hydraulic capacitance for the hydraulic line, 𝑉 is the control volume, and 𝐾 is
the bulk modulus of the hydraulic oil.
The hydraulic capacitance of the accumulator can be derived based on a polytropic process
assumption. Figure 12 shows the pressure and volume diagram of the accumulator based on the
polytropic process. From the polytropic process equation, the hydraulic capacitance in the
accumulator is obtained as follows:
1

𝐶ℎ,𝑎𝑐𝑐

𝑉0 𝑝0 𝑛
= ( 𝑛+1 )
𝑛 𝑝

(5)

where 𝐶ℎ,𝑎𝑐𝑐 is the hydraulic capacitance for the accumulator, 𝑉0 is the initial gas volume, 𝑛 is the
polytropic coefficient, 𝑝0 is the precharge pressure, and 𝑝 is the current system pressure.

30

Figure 12. Pressure and volume diagram of the accumulator based on the polytropic process.

For the pressure build-up of the hydraulic line, the flow rates through the valves in the
system also need to be modeled. The valves in the system can be modeled by using the orifice
equation. Figure 13 shows the hydraulic circuit symbols of the check valve and pressure relief
valve with parameter notations.

(a)

(b)

Figure 13. Hydraulic circuit symbols of valves, (a) pressure relief valve and (b) check valve.
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For pressure relief valves, when the inlet pressure exceeds the valve’s set pressure, the
valve opens allowing flow thereby limiting pressure. Flow through a relief valve can be described
as follows:

𝑄𝑟𝑒𝑙𝑖𝑒𝑓 = {

𝐶𝑟𝑒𝑙𝑖𝑒𝑓 √𝑝 − 𝑝𝑟𝑒𝑙𝑖𝑒𝑓
0

𝑓𝑜𝑟 𝑝 − 𝑝𝑟𝑒𝑙𝑖𝑒𝑓 > 0
𝑓𝑜𝑟 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(6)

where 𝑄𝑟𝑒𝑙𝑖𝑒𝑓 is the flow rate through the pressure relief valve, 𝐶𝑟𝑒𝑙𝑖𝑒𝑓 is the coefficient for the
pressure relief valve, 𝑝 is the pressure before the pressure relief valve, and 𝑝𝑟𝑒𝑙𝑖𝑒𝑓 is the pressure
after the pressure relief valve.
Similarly, check valves can be modeled as follows:
𝐶
−𝑝
√𝑝
𝑄𝑐ℎ𝑒𝑐𝑘 = { 𝑐ℎ𝑒𝑐𝑘 𝑐ℎ𝑒𝑐𝑘
0

𝑓𝑜𝑟 𝑝𝑐ℎ𝑒𝑐𝑘 − 𝑝 > 0
𝑓𝑜𝑟 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(7)

where 𝑄𝑐ℎ𝑒𝑐𝑘 is the flow rate through the check valve, 𝐶𝑐ℎ𝑒𝑐𝑘 is the coefficient for the check valve,
𝑝𝑐ℎ𝑒𝑐𝑘 is the pressure before the check valve, and 𝑝 is the pressure after the check valve.

3.3

Thermal Model

The system temperature can be calculated based on the flow rate and pressure data from
the hydraulic system model. The energy rate balance of each hydraulic component can be
determined based on the first law of thermodynamics. In the modeling, we separated the overall
hydraulic system into several control volumes and energy rate balance in each control volume is
calculated during thermal modeling. Compressible flow is considered for the governing equation
to improve the accuracy of the model, while most previous studies consider the fluid as
incompressible.
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Figure 14 shows the block diagram of the energy rate balance in a control volume used in
this study. For the unsteady open system, the total energy variation can be expressed by three
physical terms. The first term is determined by the mass flow rate and enthalpy. The second term
is the work done by the system such as shaft work and volumetric work. The last term is the heat
term, which includes convection, conduction, and radiation in the system. The energy rate balance
in the control volume is utilized to determine the temperature rate of the control volume.

Figure 14. Block diagram of the energy rate balance in a control volume.

3.3.1 Governing Equations

The governing equation can be derived from the first law of thermodynamics for an open
system in the unsteady state, with the assumption that there is no variation in the kinetic and
potential energy, which can be written as follows (Moran et al. 2010):
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𝑑𝑈
= 𝜑̇ − 𝑊̇𝐶𝑉 + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒
𝑑𝑡

(8)

where 𝑈 is the internal energy, 𝑡 is the time, 𝜑 is the heat, 𝑊𝐶𝑉 is the work done by control
volume, 𝑚 is the mass, ℎ is the specific enthalpy, and the dot on the parameter means the
derivatives of the variable with respect to time.
The governing equation of the thermal model is derived from the first law of
thermodynamics. The internal energy can be expressed by enthalpy as:
𝑈 = 𝐻 − 𝑝𝑉

(9)

where 𝐻 is the enthalpy, 𝑝 is the pressure, and 𝑉 is the volume size of the control volume.
Equation (8) can be organized by replacing internal energy with Equation (9) as:
𝑑ℎ
1
𝑑𝜌
𝑑𝑉
𝑑𝑝
=
[𝜑̇ − 𝑊̇𝐶𝑉 + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 − 𝑉ℎ
− (𝜌ℎ − 𝑝)
+𝑉 ]
𝑑𝑡 𝜌𝑉
𝑑𝑡
𝑑𝑡
𝑑𝑡

(10)

where 𝜌 is the density.
The derivative of enthalpy with respect to time can be written as a partial differential
equation of density and temperature as follows:
𝑑ℎ 𝜕ℎ 𝑑𝑝 𝜕ℎ 𝑑𝑇
= |
+ |
𝑑𝑡 𝜕𝑝 𝑇 𝑑𝑡 𝜕𝑇 𝑝 𝑑𝑡

(11)

The terms in Equation (11) can be expressed as:
𝜕ℎ
1
| = − 𝛽𝑇 𝑇𝑣
𝜕𝑝 𝑇 𝜌

(12)
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𝜕ℎ
| = 𝑐𝑝
𝜕𝑇 𝑝

(13)

where 𝑣 is the specific volume, and 𝑐𝑝 is the isobaric specific heat capacity.
Finally, the derivative of temperature with respect to time can be formulated using
Equation (10) with constitute equations as follows:
𝑑𝑇
1
𝑑𝑉
𝑑𝑝
=
[𝜑̇ − 𝑊̇𝐶𝑉 + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 − ℎ(𝑚̇𝑖 − 𝑚̇𝑒 ) + 𝑝
+ 𝛽𝑇 𝑇𝑉 ]
𝑑𝑡
𝑐𝑝 𝜌𝑉
𝑑𝑡
𝑑𝑡

(14)

The derivative of pressure with respect to time yields a partial differential equation of
density and temperature as:
𝑑𝑝 𝜕𝑝 𝜕𝜌 𝜕𝑝 𝜕𝑇
= |
+ |
𝑑𝑡 𝜕𝜌 𝑇 𝑑𝑡 𝜕𝑇 𝜌 𝑑𝑡

(15)

where 𝑇 is the temperature.
The derivative of density with respect to time can be derived from the mass conservation
equation. The mass conservation equation is written as follows:
𝑑𝑚
𝑑𝜌
𝑑𝑉
= 𝑚̇𝑖 − 𝑚̇𝑒 = 𝑉
+𝜌
𝑑𝑡
𝑑𝑡
𝑑𝑡

(16)

𝑑𝜌 1
𝑑𝑉
= (𝑚̇𝑖 − 𝑚̇𝑒 − 𝜌 )
𝑑𝑡 𝑉
𝑑𝑡

(17)

From the definition of the bulk modulus and thermal expansion coefficient, pressure derivative
terms in Equation (15) can be replaced with the following equations as:
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𝜕𝑝
|
𝜕𝜌 𝑇

(18)

1 𝜕𝑉
|
𝑉 𝜕𝑇 𝑝

(19)

𝐾=𝜌

𝛽𝑇 =

𝜕𝑝
𝐾
| =
𝜕𝜌 𝑇 𝜌

(20)

𝜕𝑝
| = 𝛽𝑇 𝐾
𝜕𝑇 𝜌

(21)

where 𝐾 is the bulk modulus, and 𝛽𝑇 is the volumetric thermal expansion coefficient.
The derivative of pressure with respect to time becomes:
𝑑𝑝
𝐾
𝑑𝑉
𝜕𝑇
=
(𝑚̇𝑖 − 𝑚̇𝑒 − 𝜌 ) + 𝛽𝑇 𝐾
𝑑𝑡 𝜌𝑉
𝑑𝑡
𝑑𝑡

(22)

The derivative of pressure with respect to time in Equation (14) can be replaced with Equation
(22), and therefore, the derivative of temperature with respect to time yields:
𝑑𝑇
1
𝛽 𝐾𝑇
̇ 𝐶𝑉 + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 + ( 𝑇
=
[𝜑̇
−
𝑊
− ℎ) (𝑚̇𝑖 − 𝑚̇𝑒 )
𝑑𝑡
𝜌
𝑉(𝑐𝑝 𝜌 − 𝛽𝑇2 𝐾𝑇)
𝑑𝑉
+ (𝑝 − 𝛽𝑇 𝐾𝑇) ]
𝑑𝑡

(23)

The governing equation describing the derivative of temperature with respect to time can
be simplified differently for each control volume of the thermal model according to the different
assumptions and working conditions.
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Pump and Motor
Hydraulic pumps and motors are the main heat source of the hydraulic system. The heat is

generated due to the power losses occurring within the real working process of the pump or motor.
The internal energy of the hydraulic unit is increased due to the power losses while transferring
energy, and finally, increase of the internal energy results in increase of the temperature.
For hydraulic units, the control volume can be assumed as constant. Figure 15 shows the
energy flow diagram for hydraulic units. The figure (a) shows the main unit of the system which
is generally connected to the engine and works as a pump. The figure (b) is the diagram for the
motor, which transfers fluid power to the mechanical work. The derivative of temperature with
respect to time becomes:
𝑑𝑇
1
𝛽 𝐾𝑇
̇ 𝐶𝑉 + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 + ( 𝑇
=
[𝜑̇
−
𝑊
− ℎ) (𝑚̇𝑖 − 𝑚̇𝑒 )]
𝑑𝑡
𝜌
𝑉(𝑐𝑝 𝜌 − 𝛽𝑇2 𝐾𝑇)

(24)

In the hydraulic pumps and motors, the work term expresses the mechanical shaft work
and it can be calculated by flow rate and differential flow as follows:
𝑊̇𝑠 = 𝑄Δ𝑝
where 𝑊𝑠 is the shaft work in the hydraulic unit.

(25)
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(a)

(b)
Figure 15. Energy flow diagram for hydraulic units, (a) pump and (b) motor
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Accumulator
For the hydraulic accumulators, the energy is stored in the compressed gas through the

volumetric work. Figure 16 shows the energy flow diagram for hydraulic accumulators. The work
term in the governing equation expresses volumetric work by the moving boundaries. The
volumetric work can be obtained from the pressure and the derivative of the volume with respect
to time as follows:
𝑊̇𝑣 = 𝑝

𝑑𝑉
𝑑𝑡

(26)

where 𝑊𝑣 is the volumetric work done by the accumulator. In the governing equation, the term for
the volumetric work is compensated with one of the term in Equation (23). The derivative of
temperature with respect to time can be obtained as follows:
𝑑𝑇
1
𝛽𝑇 𝐾𝑇 𝑑𝜌
=
[𝜑̇ + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 − ℎ(𝑚̇𝑖 − 𝑚̇𝑒 ) +
𝑉 ]
2
𝑑𝑡
𝜌
𝑑𝑡
𝑉(𝑐𝑝 𝜌 − 𝛽𝑇 𝐾𝑇)

Figure 16. Energy flow diagram for the accumulator.

(27)
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Hydraulic Line
For the hydraulic pipelines, Figure 17 shows the energy flow diagram. The derivative of

temperature with respect to time for the pipeline, assuming that there is no volume change and
work done by the control volume, becomes:
𝑑𝑇
1
𝛽𝑇 𝐾𝑇
=
[𝜑̇ + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 + (
− ℎ) (𝑚̇𝑖 − 𝑚̇𝑒 )]
2
𝑑𝑡
𝜌
𝑉(𝑐𝑝 𝜌 − 𝛽𝑇 𝐾𝑇)

(28)

Figure 17. Energy flow diagram for the hydraulic line.



Reservoir
In simulation, the reservoir pressure can be assumed to be constant volume. Figure 18

shows the energy flow diagram for the reservoir. The derivative of reservoir temperature with
respect to time becomes then:
𝑑𝑇
1
[𝜑̇ + 𝑚̇𝑖 ℎ𝑖 − 𝑚̇𝑒 ℎ𝑒 − ℎ(𝑚̇𝑖 − 𝑚̇𝑒 )]
=
𝑑𝑡
𝑐𝑝 𝜌𝑉

(29)
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Figure 18. Energy flow diagram for the reservoir.



Cooler
For the cooler, the heat transfer is predicted by a function of the flow rate through the cooler

since it is difficult to predict the nonlinear behavior of the heat transfer by using the lumped
parameter model due to its complex geometry. Figure 19 shows the energy flow diagram for a
cooler. It is assumed that the heat transfer coefficient is a function of the flow rate as follows:
𝑘𝑐𝑜𝑜𝑙𝑒𝑟 = 𝑓(𝑄𝑐𝑜𝑜𝑙𝑒𝑟 )

(30)

where 𝑘𝑐𝑜𝑜𝑙𝑒𝑟 is the heat transfer coefficient of the cooler, 𝑄𝑐𝑜𝑜𝑙𝑒𝑟 is the flow rate of hydraulic oil
through the cooler. The function can be assumed based on the empirical data for the cooling
capacitance of the coolers from the manufacturers.
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Figure 19. Energy flow diagram for the cooler.

3.3.2

Calculation of Heat Transfer

The heat release term in the governing equation can be calculated from the heat transfer
relations. Figure 20 shows the schematic of heat transfer through the pipeline wall. The heat
transfer coefficient between hydraulic oil and ambient air can be calculated using a lumped
parameter heat transfer model as:
𝜑̇ =

Δ𝑇
𝑅𝑒𝑞

𝑅𝑒𝑞 = 𝑅1 + 𝑅2 + 𝑅3
𝑅1 =

1
ℎ𝑖𝑛 𝐴𝑖𝑛

(31)

(32)

(33)

𝑑
ln ( 0 )
𝑑𝑖
𝑅2 =
2𝜋𝑙𝑝𝑖𝑝𝑒 𝑘

(34)

1
1
𝑅3 = (
)
ℎ𝑜𝑢𝑡 + ℎ𝑟𝑎𝑑 𝐴𝑜𝑢𝑡

(35)
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where 𝑅𝑒𝑞 is the total equivalent thermal resistance between the hydraulic oil and ambient air, 𝑅1
is the thermal resistance between the hydraulic oil and the inside of the wall, 𝑅2 is the thermal
resistance between the inside and outside of the wall, 𝑅3 is the thermal resistance between the
outside wall and ambient air, ℎ𝑖𝑛 is the convection coefficient of the inside wall, 𝐴𝑖𝑛 is the area of
the inside wall, 𝑑0 is the diameter to the outside wall, 𝑑𝑖 is the diameter to the inside wall, 𝑙𝑝𝑖𝑝𝑒 is
the length of the pipe, 𝑘 is the thermal conductivity of the wall, ℎ𝑜𝑢𝑡 is the convection coefficient
of the outside wall, ℎ𝑟𝑎𝑑 is the radiation coefficient of the outside wall, and 𝐴𝑜𝑢𝑡 is the area of the
outside wall. The radiation effect is neglected in the thermal model since its contribution is very
minor within the temperature range of the system. The thermal conductivity of steel is used for the
wall conductivity.

Figure 20. Schematic of heat transfer through the pipeline wall.
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The convection coefficient can be calculated from Nusselt number. Table 1 shows the
equations for the Nusselt number, which is used for calculating the convection coefficient
(Boetcher 2014; Churchill and Chu 1975; Sparrow and Stretton 1985; Stephan et al. 2014). The
dimensionless numbers can be defined as follows:
ℎ𝐿
𝑘

(36)

𝑅𝑒 =

𝜌𝑢𝐿
𝜇

(37)

𝑃𝑟 =

𝑐𝑝 𝜇
𝑘

(38)

𝑁𝑢 =

𝐺𝑟 =

𝑔𝛽(𝑇𝑠 − 𝑇∞ )𝐿3
𝜈2

(39)

where 𝑁𝑢 is the Nusselt number, 𝑅𝑒 is the Reynolds number, 𝑃𝑟 is the Prandtl number, and Gr is
the Grashof number. For the inside wall, the convection process is assumed as a forced convection,
and the flow is considered transiting to the turbulent flow when the Reynolds number is 2300. For
the outside wall, the convection is considered as a free convection process and the shapes of
components are assumed as simple geometries such as cylinder and cubic. Heat transfer for each
control volume of the hydraulic components is calculated using the thermal resistance with the
heat transfer coefficients as described in the previous pages.
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Table 1. Equations for Nusselt number used for the calculation of the convection coefficient
(Boetcher 2014; Churchill and Chu 1975; Sparrow and Stretton 1985; Stephan et al. 2014).
Forced convection
Laminar flow: (𝑅𝑒 < 2300)
1
3 3

𝑃𝑟 0.11
𝑁𝑢 = (3.66 + 0.7 + [1.615 √𝑅𝑒 ∙ 𝑃𝑟 ∙ 𝑑𝑖 /𝐿 − 0.7] ) (
)
𝑃𝑟𝑤
3

3

3

Turbulent flow: (𝑅𝑒 > 2300)
2

(𝑅𝑒 − 1000)𝑃𝑟
𝑑 3
[1 + ( 𝐿𝑖 ) ]
2
8(1.82 log(𝑅𝑒) − 1.64)

𝑁𝑢 =

2

1 + 12.7 (𝑃𝑟 3 − 1) √0.125(1.82 log(𝑅𝑒) − 1.64)

𝑃𝑟 0.11
(
)
−2 𝑃𝑟𝑤

Free Convection
Cylinder shape:

9

𝑁𝑢 =
(

0.559 16
0.6 + 0.387 𝐺𝑟 ∙ 𝑃𝑟 (1 + (
) )
𝑃𝑟
[

]

Cube shape:
0.252

𝑁𝑢 = 5.748 + 0.752

𝑃𝑟 ∙ 𝐺𝑟
16
9 9
16

2

1
16 6
−
9

0.492
[1 − ( 𝑃𝑟 ) ]
(
)

)
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3.3.3 Thermal Properties of Materials

Thermal properties of materials like steel and air used in this research can be taken from
reference (Incropera and DeWitt 2001). Properties of the HLP32 hydraulic oil, such as specific
heat, thermal conductivity, kinematic viscosity can be obtained from reference (Oppermann 2007).

Table 2. Constants for the hydraulic oil (Oppermann 2007).
Description

Parameter

Specific heat

Thermal conductivity

Bulk modulus

Thermal expansion coefficient

Value

𝑐0

1807 [J kg-1 K-1]

𝑐1

4.21 [J Kg-1 K-2]

𝑘0

0.135 [W K-1 m-1]

𝑘1

7.35E-05 [W K-² m-1]

𝑎

0.0733

𝑏

999.93 [bar]

𝛽𝑇

7.00E-04 [K-1]

Temperature dependent coefficients can be calculated with temperature dependent
equations as follows:
𝑐𝑝 = 𝑐0 + 𝑐1 𝑇

(40)

𝑘 = 𝑘0 + 𝑘1 𝑇

(41)

where 𝑐𝑝 is the isobaric specific heat, 𝑘 is the thermal conductivity, and subtitles 0 and 1 mean the
constants for the constant part and temperature-dependent part, respectively. Also, bulk modulus
of the HLP32 hydraulic oil can be obtained as (Sprengel 2015):
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1
𝑝
𝐾 = (𝑝 + 𝑏) [ − ln (1 + )]
𝑎
𝑏

(42)

where 𝐾 is the bulk modulus and a and b are the constants based on empirical data. Table 2 shows
the temperature-dependent coefficients of the hydraulic oil used in the modeling.

(a)

(b)

(c)
Figure 21. Graphs of oil properties in terms of temperature and pressure, (a) specific enthalpy,
(b) specific entropy, and (c) specific volume
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The enthalpy and entropy of the hydraulic oil can be calculated as a function of temperature
and pressure as follows (Oppermann 2007):
𝑝

𝑇

ℎ = ℎ0 (𝑇0 ) + ∫ 𝑐𝑝 (𝑇)𝑑𝑇 + ∫ [𝑣 − 𝑇 (
𝑇0

𝑝0
𝑇

𝜕𝑣
) ] 𝑑𝑝
𝜕𝑇 𝑝

𝑝

𝑐𝑝 (𝑇)
𝜕𝑣
𝑠 = 𝑠0 (𝑇0 ) + ∫
𝑑𝑇 − ∫ ( ) 𝑑𝑝
𝑇
𝜕𝑇 𝑝
𝑇0

(43)

(44)

𝑝0

where 𝑠 is the specific entropy. Figure 21 shows the graphs oil properties in terms of the
temperature and pressure. Properties of the hydraulic oil like enthalpy and density are stored in the
program by lookup tables as a function of temperature and pressure.

3.3.4 Parameter Switching Scheme

A novel method, the parameter switching scheme, is suggested for the thermal model in
order to capture the rapid temperature variation of each control volume with the open system under
unsteady state conditions. The parameter switching scheme is motivated from the upwind scheme,
which is a numerical discretization method considering the flow direction. In previous thermal
studies on hydraulic systems by a thermodynamic approach, the input and output parameters of
each control volume are determined by the location of each control volume, not by varying flow
direction. In the parameter switching scheme, the direction of flow is utilized for determining the
inlet and outlet parameters during the calculation of the system temperature of each control
volume.
Figure 22 shows the parameter switching scheme for the control volumes considering
varying flow directions. In the figure, 𝑢𝐶𝑉 is the parameter of the control volume, 𝑢1 is the
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parameter of the left side source of the control volume, 𝑢2 is the parameter of the right side source
of the control volume, 𝑢𝐶𝑉,1 is the parameter of the left port of the control volume, 𝑢𝐶𝑉,2 is the
parameter of the right port of the control volume and 𝑣 is the velocity of the flow. The parameters
of the hydraulic oil and materials are determined based on the lookup tables from the reference.
When the flow direction is from left to right, the parameters of each control volume are determined
by the properties from the left side. On the other hand, the parameters are decided by the properties
from the right side with the flow direction from right to left. Thus, the parameters for the numerical
simulation in the control volumes are changed according to the direction of the flow, even though
the location is still same. This novel scheme makes the model possible to describe successfully the
rapid thermal transient in the hydraulic system, which could not be described by the previous
studies. The results from the novel scheme are applied to the governing equation, which is derived
for the compressible flow, to calculate the system temperature.

Flow direction from left to right

Flow direction from right to left

Figure 22. Parameter switching scheme for the control volumes considering varying flow
directions

49
3.4

Other Models

3.4.1 System Control

Different control strategies can be applied to different transmission architectures. The
sequential control is mainly utilized for the hydrostatic transmission. In the sequential control,
first, the displacement of Unit 1 is adjusted while the displacement of Unit 2 is maintained with
the full displacement. If the displacement of Unit 1 reaches 100% or -100%, the displacement of
Unit 2 is adjusted according to the extent of the velocity error signal from the PID controller.
Figure 23 shows an example case of the sequential control for the hydrostatic transmission.

Figure 23. Sequential control for the hydrostatic transmission.

Another control method is the secondary control, which is mainly applied to HHTs. In the
secondary control, first, the displacement of the secondary unit is determined based on the torque
on a driveline shaft. Then, the displacement of the main unit is adjusted in order to maintain the
system pressure according to the torque. The series HHT is controlled by the secondary control to
manage the pressure of the accumulator while driving and braking. In this study, a novel HHT,
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which utilizes both hydrostatic and hybrid modes, is controlled by both sequential and secondary
control methods.

3.4.2 Engine Model

The engine model is utilized for describing the engine dynamics. In the model, the speed
variation rate can be calculated from the following equation:
𝑛̇ 𝑒 =

1 𝑢𝐶𝐸
[
(𝑀
+ 𝑀𝑓 ) − 𝑀𝑓 − 𝑀𝐿 ]
𝐽𝑒 100 𝑊𝑂𝑇

(45)

where 𝑛𝑒 is the speed of the engine, 𝐽𝑒 is the engine rotational inertia, 𝑢𝐶𝐸 is the normalized
throttle input, 𝑀𝑊𝑂𝑇 is the wide open throttle (WOT) torque, 𝑀𝑓 is the torque loss due to the
friction, and 𝑀𝐿 is the load torque. The torque loss due to the friction is given by:
𝑀𝑓 =

𝑉𝑒𝑛𝑔
(0.05 ∙ 𝑛𝑒 2 + 0.15 ∙ 𝑛𝑒 + 0.97) ∙ 105
4∙𝜋

(46)

where 𝑉𝑒𝑛𝑔 is the displacement volume of the engine.

3.4.3 Vehicle Dynamics

The torque on the wheel and velocity of the vehicle can be obtained from the vehicle
dynamics model. Figure 24 shows the free body diagram for the vehicle. The acceleration of the
vehicle can be calculated by the force balance equation as follows:
𝐹𝑡𝑜𝑡 = 𝐹𝑡 + 𝐹𝑔 + 𝐹𝑟 + 𝐹𝐷 = 𝑚𝑎

(47)

where 𝐹𝑡𝑜𝑡 is the net force applied to the vehicle, 𝐹𝑡 is the traction force, 𝐹𝑔 is the gravitational
force, 𝐹𝑟 is the rolling resistance, 𝐹𝐷 is the aerodynamic drag, 𝑎 is the acceleration of the vehicle,

51
and 𝑚 is the mass of the vehicle. The traction force, gravitation force, rolling resistance, and
aerodynamic drag can be obtained from the following equations:
𝐹𝑡 =

𝑀𝑤
𝑟𝑑𝑦𝑛

(48)

𝐹𝑔 = −𝑚𝑔 sin 𝜃

(49)

𝐹𝑟 = −𝐶𝑟 ∙ 𝑚𝑔 cos 𝜃

(50)

1
𝐹𝐷 = − 𝜌𝐴𝑓 𝐶𝑑 𝑣 2
2

(51)

where 𝑀𝑤 is torque loaded on the wheel, 𝑟𝑑𝑦𝑛 is the wheel dynamic radius, 𝑔 is the gravitational
acceleration, 𝜃 is the angle of the slope, 𝐶𝑟 is the rolling resistance coefficient, 𝜌 is the density of
the air, 𝐴𝑓 is the frontal area of the vehicle, 𝐶𝑑 is the drag coefficient, and 𝑣 is the speed of the
vehicle. Once the acceleration of the vehicle is obtained from the vehicle dynamics model, the
velocity of the vehicle is calculated by the integral of the acceleration.

Figure 24. Free body diagram for the vehicle.
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CHAPTER 4.
MODELING OF SERIES HYDRAULIC HYBRID
TRANSMISSION WITH MEASUREMENT IN THE HARDWARE-INTHE-LOOP TEST RIG

As described in the previous chapters, HHV system architectures can generally be
classified as either series, parallel, or power-split depending upon the way power flows through
the system. For the validation of the developed thermal model, a closed circuit series HHV was
chosen as it is a common hydraulic hybrid configuration. Additionally, it is sufficiently complex
as to allow the findings to be extrapolated to the more advanced hydraulic hybrid architectures
such as a power split hydraulic hybrid architecture. Figure 25 shows a general hydraulic circuit for
a closed circuit series HHV.

Accumulator

HP

Unit 1

Unit 2

Engine
LP

Figure 25. General series hydraulic hybrid system architecture.

Series hybrids consist of a minimum of two positive displacement machines (hydraulic
units) connected in series between the engine (Unit 1) and driveline (Unit 2). These hydraulic units,
which function as both pumps and motors, convert power between the mechanical and fluid

53
domains. The volume of fluid they transfer per shaft revolution can be varied by adjusting the
displacement between zero and some maximum value. Thus, a continuously variable transmission
is formed when at least two of these variable displacement units are placed in series. A hybrid
transmission is formed by placing an energy storage device in series between the energy converters.
In hydraulic hybrids, energy is stored mechanically in a hydropneumatic accumulator where highly
pressurized nitrogen gas is further compressed by additional oil entering the device. Storing
mechanical energy in this manner, rather than chemically as occurs in the batteries of HEVs, is
one of the principle reasons that HHVs can rapidly store all of the kinetic energy recovered during
regenerative braking.

4.1

Main Operating Modes

Series HHVs may operate in several different modes while driving and braking. The
process begins with Unit 1 converting mechanical power from the engine into the fluid domain.
This power may then be immediately converted by Unit 2 to mechanical power applied to the
driveline for driving, stored in the accumulator for future use, or some combination of the two.
Alternatively, the entire power required by Unit 2 for driving may be supplied by the accumulator.
During regenerative braking, Unit 2 moves over-center resulting in the direction of the fluid flow
reversing. Now instead of consuming fluid from the hydraulic system and functioning as a motor,
Unit 2 begins pumping fluid into the hydraulic system. In this way, Unit 2 converts mechanical
power from the driveline into fluid power enabling the vehicle’s kinetic energy to be recovered for
future use. Table 3 summarizes the principle modes of operation for a series HHV. Most of these
modes are seen to some extent in both the experimental measurements on the test rig, and the
simulation detailed in this study.
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Table 3. Principle modes of operation for a series HHV.
Mode

Engine

Unit 1

Accumulator

Unit 2

Driveline

1

Idle

Idle

Motoring

Charging

Zero
Displacement
Motoring

Idle

2

Zero
Displacement
Pumping

Driving

3

Motoring

Pumping

Idle

Motoring

Driving

4

Motoring

Pumping

Discharging

Motoring

Driving

5

Idle

Discharging

Motoring

Driving

6

Idle

Zero
Displacement
Zero
Displacement

Charging

Pumping

Braking

Figure 26 shows the schematic of the two main operating modes of the series HHV, a
driving mode and a braking mode among the principle modes. During the driving mode, Unit 1
works as a pump and Unit 2 works as a motor. The displacements of Unit 1 and Unit 2 maintain
positive values while forward driving. During the braking mode, Unit 1 is adjusted to zero
displacement and Unit 2 works as a pump to regenerate the energy. The displacement of Unit 2 is
over-centered for pumping the flow in the system.
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(a)

(b)
Figure 26. Schematic of the main operating modes of the series HHV, (a) driving mode and (b)
braking mode.
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4.2

Hardware-in-the-Loop Evaluation

Both the hydraulic system and thermal models were constructed and validated using
experimental data obtained from a hardware-in-the-loop transmission dynamometer. Figure 27
shows the hardware-in-the-loop test rig for a series HHT and Figure 28 shows the hardware-inthe-loop hydraulic circuit of the series HHT. In the test rig, two electric motors replicate the engine
and road load dynamics. These electric motors are controlled by a simulation model replicating a
vehicle driving the FTP-72 cycle, also known as UDDS cycle, which is a standardized drive cycle
for on-road vehicles to compare vehicle performance and efficiency. More information about the
FTP-72 cycle can be found from reference (EPA Urban Dynamometer Driving Schedule (UDDS)
n.d.). This model captures all relevant transmission loads such as engine torque, inertial loading,
aerodynamic drag, and rolling resistance. This test rig closely reproduces the dynamic conditions
present in a vehicle such that the transmission behaves just as if it were in a real vehicle. Test data
were collected at 100 Hz and then averaged into a 1 Hz data set before being split into individual
cycles.

57

Figure 27. Hardware-in-the-loop test rig for a series HHT.

Figure 28. Hardware-in-the-loop hydraulic circuit of the series HHT.
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Table 4 shows the transmission components and experimental parameters. For the
hydraulic components, two swashplate type variable displacement axial piston machines were
used. Unit 1 has a displacement of 42 cc/rev, and Unit 2 has a displacement of 75 cc/rev. The low
and high pressure accumulators are bladder type accumulators (20 L each).

Table 4. Transmission components and experimental parameters.
Unit 1

42 cc (Sauer S90)

Unit 2

75 cc (Sauer S90)

Charge Pump

11 cc

HP Accumulator

20 L

LP Accumulator

20 L

HP Accumulator Precharge Pressure

150 bar

LP Accumulator Precharge Pressure

20 bar

Maximum System Pressure

350 bar

Low Pressure Setting

20 bar

The HIL test rig was controlled to follow the FTP-72 driving cycle. Unit 1’s displacement
was controlled using a simple power management strategy in order to maintain a minimum
accumulator pressure of roughly 200 bar. Unit 2’s displacement was controlled to provide the
tractive torque required to track the FTP-72 driving cycle based on the measured accumulator
pressure. Finally, the engine speed was controlled using a rough minimum engine speed strategy
such that Unit 1 would operate efficiently at high displacements whenever possible. Figure 29
shows the driving cycle based on FTP-72 used throughout this work.
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Figure 29. Driving cycle based on FTP-72.

Measurements for the related drive cycles were three times repeated in order to evaluate
the reproducibility of the experiment. Figure 30 shows the measured data of the hydraulic system
and Figure 31 shows the measured data of the system temperatures. We see that the data for the
hydraulic system show a good agreement with each other not only for the overall trend but also
absolute values. For the system temperatures, it shows some discrepancy less than 2ºC typically.
The temperature in the measurement point has a large discrepancy sometimes around 10ºC due to
the rapid transients of the measurement point. The overall trends of the data agree well with each
other and it shows an enough reproducibility for the study.
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Figure 30. Measured data of the hydraulic system.

61

Figure 31. Measured data of the system temperatures.

62
4.3

Results and Discussion

The hydraulic system was simulated using a backward facing modeling approach. The
intent of this model is not to predict how HHVs would perform using this transmission on the FTP72 cycle, but rather to replicate how the transmission on the HIL test rig functioned during the
measurements. Specifically, both Unit 1 and Unit 2 were operated at the same speeds measured on
the HIL test rig, Unit 1’s displacement was controlled such that the simulated pressure in the high
pressure line matched the measured pressure, and Unit 2’s displacement was controlled to provide
the same flow rate measured with a flowmeter located on the outlet of Unit 2.
Once complete, the hydraulic system model is run over the FTP-72 driving cycle, while
pressures and flow rates passing through each component were recorded. Next, the system is
divided into a series of thermodynamic control volumes which were then described by lumped
parameter thermal models. From here the results from the hydraulic system model are fed into the
thermal model and used to predict individual control volume temperatures.
Figure 32 shows the control volumes for the thermal model. The main cycle of the
hydraulic system is a quasi-closed system if minor flows are excluded, such as leakage flows from
Unit 1 and Unit 2. There are five hydraulic component subsystems in the main closed cycle: Unit
1, Unit 2, the low and high pressure accumulators, and the cooler. Each control volume’s
temperature is stored every time step and these temperatures are updated at the same rate based on
the governing equation derived from the first law of thermodynamics. Finally, results from the
thermal model were compared with measured data and then used for further thermal analysis.
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: Main cycle

WHP
CV-3

Drain
pipe

Unit-1
WU1

CV-4

HP line

Unit-2
WU2

Reservoir

LP line
CV-2

Cooler
CV-1

WLP

φcool

CV-5

Figure 32. Control volumes for the thermal model.

Simulation results including pressures, flow rates, and temperatures, extracted from the
hydraulic and thermal models, were compared and validated against measured data generated on
the HIL test rig. Figure 33 shows the results for the hydraulic system model for the pressures in
the high and low pressure lines, as well as the volumetric flow rate of Unit 2’s low pressure port.
The simulated data shows a close agreement with the measured data. This comparison shows that
the simulation results are sufficiently accurate to provide confidence in the hydraulic system states
predicted by the simulation model.
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(a)

(b)

(c)

Figure 33. Results for the hydraulic system model, (a) volumetric flow rate in the low pressure
line (Q1), (b) pressure in the high pressure line (p4), and (c) pressure in the low pressure line (p5).
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For the thermal model, the program has been utilized for two different conditions. First,
two measured temperature inputs were used instead of the cooler model. Second, a closed cycle
was applied due to the lower accuracy of the cooler model compared to the models for other parts
of the system. Figure 34 shows the schematic of the control volumes for the thermal model with
two temperature inputs instead of the cooler model and Figure 35 shows the schematic of the
control volumes for the thermal model with a closed loop.

Figure 34. Schematic of the control volumes for the thermal model with two temperature inputs.
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Figure 35. Schematic of the control volumes for the thermal model with a closed loop.

Figures 36 and 37 show the results for the thermal model, with two temperature inputs
instead of the cooler model and with a closed cycle, respectively. We see that the temperatures of
the control volumes in the main cycle show more fluctuation than the temperatures of the reservoir
and drain pipe. The temperature in CV-5 shows larger fluctuation due to the larger temperature
difference between the two adjacent control volumes. The temperature in CV-5 becomes low
during the regenerative mode due to the flow from the cooler, and it becomes high during the
driving mode due to the flow from the CV-4. The results with two measured cooler temperature
inputs show a good agreement with the measured data. This indicates that the models for each
component, except for the cooler, are sufficiently accurate. While the simulation results with a
closed cycle show some difference from the measured data in the narrow range, they agree well
with each other in terms of the temperature range of each control volume and the variation trend
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over the cycle. Especially, the measured data for CV-5 show a large temperature variation over
30ºC, but the simulation results capture the trend of the experimental data well.
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(a)

(b)

(c)
(d)

(e)

Figure 36. Results for the thermal model with two temperature inputs instead of the cooler
model, (a) temperature in CV-1 after the cooler (T1), (b) temperature in CV-4 before Unit-2 (T4),
(c) temperature in CV-5 after Unit-2 (T5), (d) temperature in the reservoir (Tr), and (e)
temperature in the drain pipe (Td).
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(a)

(b)

(c)
(d)

(e)

Figure 37. Results for the thermal model with a closed cycle, (a) temperature in CV-1 after the
cooler (T1), (b) temperature in CV-4 before Unit-2 (T4), (c) temperature in CV-5 after Unit-2
(T5), (d) temperature in the reservoir (Tr), and (e) temperature in the drain pipe (Td).
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Even though the thermal model shows some error, which is somewhat larger than the error
of the hydraulic system model, there are some possible reasons for this discrepancy in the thermal
model. First, during the HIL measurements, since each temperature measured from the experiment
represents the temperature of the whole control volume, there is some difference according to the
measurement position within the control volume. For the temperature measurements, type K
thermocouples with the accuracy of ±1ºC were used. Also, since the thermal model uses data from
the hydraulic system model as inputs, the error of thermal model is accumulated with the error of
the hydraulic system model. For the thermal properties in the model, the values are linearly
calculated from the lookup table of the material, and this creates some error of the material
properties.
Table 5 shows the discrepancy in temperatures between simulated and measured values.
The mean value of the temperature difference of the system is around 2ºC with the standard
deviation less than 2ºC. Since temperature variations up to 40ºC are seen within the system, this
level of accuracy is sufficient to predict system trends and some degree absolute temperatures.

Table 5. Temperature errors of the results for the thermal model.

4.4

Location

CV-1

CV-4

CV-5

Reservoir

Drain

Average

Mean [ºC]

1.82

2.53

4.26

0.81

1.16

2.12

Standard
Deviation [ºC]

1.25

2.01

3.18

0.68

0.78

1.58

Chapter Summary

In this chapter, the transmission of a series HHV has been analyzed using a simulation
model based on lumped parameter thermodynamic analysis. A novel method has been suggested
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for the thermal model in order to capture the highly transient thermal variation of the unsteady
system. The model has been compared and validated with measured data obtained from a HIL test
rig tracking the FTP-72 driving cycle. These simulation results show a good correlation with the
measured data and demonstrate that the presented approach provides meaningful insights into the
thermal system behavior of hydraulic hybrids. The summary of this chapter can be described as
follows:


The thermal model developed for HHV has been applied to a closed circuit HHT.



The system and thermal modeling results have been validated with the measured data from
a HIL test rig with FTP-72 driving cycle.



It shows a good correlation between the simulation results and experimental data in terms
of the overall trend and variation range of the parameters.
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CHAPTER 5.
MODELING OF A NOVEL HYDRAULIC HYBRID
VEHICLE AND VEHICLE MEASUREMENTS

In this chapter, the system and thermal modeling of Maha HHV, which has recently been
developed in Maha Fluid Power Research Center, is presented. The thermal model of Maha HHV
has been developed and validated with the measured data while driving. The main goal of thermal
model in this study is the analysis of the thermal management system while developing Maha
HHV. In the future, the system and thermal modeling can be utilized for estimating the thermal
stability and vehicle performance for extreme driving cases, which have difficulties to be measured
on the road.
There have been various investigations for novel hydraulic hybrid architectures for
improvement in terms of performance and efficiency. To this purpose, recently, a novel HHT
architecture has been proposed by the Maha Fluid Power Research Center and implemented in the
platform of Range Rover 1999 model (Bleazard et al. 2015; Haria and Ivantysynova 2016;
Sprengel et al. 2015). This hybrid transmission has mainly two different driving modes, i.e. the
hydrostatic driving mode and the hybrid driving mode. The vehicle drives in the hydrostatic mode
when the system demands low torque. The special circuit solution allows switching the pressure
lines and charging the accumulator while braking. The driving mode is switched to the hybrid
mode in order to utilize the stored energy in the accumulator. In the hybrid mode, the vehicle is
boosted by the energy stored in the accumulator. The accumulator energy is restored by the
regenerative energy during braking. Different control strategies are applied to the different
operating modes. Figure 38 shows the prototype of Maha HHV, which is implemented with the
novel HHT architecture.
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Figure 38. Prototype of Maha HHV.

Figure 39 shows the simplified hydraulic circuit of Maha HHV. Unit 1 is connected to the
engine through the gearbox. Unit 2 and Unit 3 are connected to the front and rear wheels,
respectively, which makes the vehicle possible on the four-wheel drive. The connection between
the high pressure accumulator and Line A is adjusted by the shut-off valve according to the
different operating modes. A flushing valve is installed for directing flow to the system cooler.

Figure 39. Simplified hydraulic circuit of Maha HHV (HP: high pressure, LP: low pressure).
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5.1

Main Operating Modes

Table 6 shows the main operating modes of Maha HHV. When the vehicle is not in motion,
all hydraulic units are adjusted to zero displacement. There are two main driving modes, the
hydrostatic mode and hybrid mode. During the hydrostatic mode, the shut-off valve for the high
pressure accumulator is closed and the transmission operates as a hydrostatic transmission. During
the hybrid mode, the shut-off valve is open and the high pressure accumulator is connected to Line
A. Thus, the energy stored in the high pressure accumulator is utilized for the driving and the
transmission works as a series HHT. During the braking mode, the shut-off valve is closed and the
high pressure accumulator is charged by the flow from Line B, with zero displacement of unit 1.
Unit 2 and Unit 3 work as pumps and charge the high pressure accumulator for recovering energy
from the wheels. Figure 40 shows the schematic of the main operating modes of Maha HHV
described in Table 6.

Table 6. Main operating modes of Maha HHV.
Driveline

Idle

Unit 2 /
Unit 3
Zero
Displacement
Motoring

Open

Discharging

Motoring

Driving

Closed

Charging

Pumping

Braking

Mode

Unit 1

Valve-HP

HPA

1

Closed

Idle

2

Zero
Displacement
Pumping

Closed

3

Pumping

4

Zero
Displacement

Idle
Driving
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(a)

(b)

(c)
Figure 40. Schematic of the main operating modes of Maha HHV, (a) hydrostatic mode, (b)
hybrid mode, and (c) braking mode.
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Sequential control is used for the hydrostatic driving mode and secondary control is used
for the hybrid mode. Figure 41 shows an example drive cycle for the different control modes of
Maha HHV. During the section with sequential control, the displacement of Unit 2 maintains 100%
until the displacement of Unit 1 becomes 100%.

Figure 41. Example drive cycle for the control of Maha HHV.

5.2

Measurement Method

Figure 42 shows the image of the component assembly of Maha HHV. A valve block has
been installed in the car, which includes check valves, flushing valve, enabling valve and pressure
sensors.
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Figure 42. Component assembly of Maha HHV.

Table 7 shows the sizes of the main transmission components. The sizing selection process
of Maha HHV is detailed in the reference (Bleazard 2015). Figure 43 shows the detailed hydraulic
circuit of Maha HHV. Figure 44 shows the CAD model of the valve block and installation in Maha
HHV (Bleazard 2015).

Table 7. Sizes of the main transmission components.
Unit 1

100 cc

Unit 2

75 cc

Unit 3

75 cc

Charge Pump

27 cc

HP Accumulator

32 L

LP Accumulator

42 L
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Figure 43. Detailed hydraulic circuit of Maha HHV.

Figure 44. CAD model of the valve block and installation in Maha HHV.
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5.3

Thermal Management System of Maha Hydraulic Hybrid Vehicle

There are mainly two ways to cool down the systems. The passive cooling is a method
cooling down the system by using the natural airflow of the system. For example, for on-road
vehicles, there are plenty of air flows from the front side while driving and the air flow can be
utilized for cooling down the system. The advantage of the passive cooling is no use of energy for
cooling the system, while it has a disadvantage such as a limitation of cooling ability. Another
cooling strategy is the active cooling. The system is cooled down by additional fans or coolers in
the active cooling. An advantage of the active cooling is that it can serve relatively higher cooling
power when it is installed properly. It has some disadvantages like energy consumption of the
system for cooling and requirement of additional equipment and spaces.
In Maha HHV, the cooling system is installed based on the passive cooling strategy. Onroad vehicles have a plenty of airflow from the front side, the system can be cooled down by the
passive cooling with that airflow. Figure 45 shows the radiator for the hydraulic system installed
in Maha HHV. A radiator for the hydraulic system has been installed on the front side of the vehicle
in order to cool down the system by airflow from the front side and by airflow generated by the
engine fan. The major advantage of this method is that no additional energy is required for the
cooling system. After the cooling system was installed based on the passive cooling, the several
drive cycles were measured for system temperatures and it showed a stable trend.
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Figure 45. Radiator for the hydraulic system installed in Maha HHV.

5.4

Results and Discussion

After the hydraulic system model runs based on the measured driving cycle of the vehicle,
the hydraulic system is divided into several control volumes for the thermal modeling, which are
determined based on the main hydraulic components. The results such as pressure and flow rate
from the hydraulic system model are utilized for the thermal model as input parameters. Figure 46
shows the control volumes for thermal modeling of Maha HHV. The control volumes include main
components of the system such as hydraulic units, high pressure accumulator, hydraulic lines,
cooler and reservoir. In addition, hydraulic lines are separated into more control volumes according
to the complexity and locations of the lines. In the simulation, each control volume stores its
temperature every time step and those are updated based on the governing equation.
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Figure 46. Control volumes for thermal modeling of Maha HHV.

Simulation results from the system and thermal modeling have been compared and
validated with the measured data collected from the vehicle. For the hydraulic system model, speed
of the vehicle, displacement of the hydraulic units, and pressure of the system were used for
comparing the results. Figure 47 shows the comparison of simulation and measurement results for
the speed of the vehicle. The simulation results show a good agreement with the measured data in
terms of the overall trend. The measured data have some noise spikes due to the error of the speed
sensors.
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Figure 47. Comparison of simulation and measurement results for the speed of vehicle.

Figure 48 shows the comparison of simulation results and commanded signals for the
displacements of hydraulic units. The simulation results follow well with the commanded signal
of the hydraulic units. Only two hydraulic units, Unit 1 and Unit 2, are considered in the
comparison, because Unit 3 has the same displacement as Unit 2. It shows a good agreement in
most sections in terms of the overall variation trend. There is some discrepancy for Unit 2 when
the vehicle is under the braking mode between 50 and 60 seconds. The reason of the discrepancy
is related to the controller of the units. When the vehicle is in the driving mode, the displacements
of hydraulic units are controlled by the feedback signal. On the other hand, during the braking
mode, the commanded signal of the displacement is determined by only feedforward based on the
brake pedal signal. As a result, the real displacement of the unit has some discrepancy from the
commanded signal of the displacement, since the system pressure cannot be matched with the
commanded displacement. In the future, in order to prevent the disagreement of the displacements
of the units, the control for the braking mode can be modified based on the feedback signals from
the pressure and real displacement position as well as the feedforward signal from the brake pedal.
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(a)

(b)

Figure 48. Comparison of simulation results and commanded signals for the displacements of
hydraulic units, (a) Unit 1 and (b) Unit 2.

Figure 49 shows the comparison of simulation and measurement results for the pressure of
Line A, Line B, and high pressure accumulator. When the vehicle is in the driving mode, Line A
becomes a high pressure line, and when the vehicle is in the braking mode, Line B becomes a high
pressure line.
In the figures, we see that the high pressure line is switched at 50 seconds from Line A to
Line B. During the hybrid mode, the high pressure accumulator is connected to Line A and the
vehicle is controlled by the secondary control. In the figure for high pressure accumulator, we can
see that the pressure is dropped between 43 and 50 seconds, since the vehicle is in the hybrid mode.
In the simulation results, even though it shows small fluctuations in the result for Line A, overall
trends and variation ranges match well with the measured data. Especially, when the operating
mode is changed, the pressure follows abrupt variations in the measured data well.
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(a)

(b)

(c)
Figure 49. Comparison of simulation and measurement results for the pressure of the system, (a)
Line A, (b) Line B, and (c) high pressure accumulator.

For the thermal model, the temperature of the ports of hydraulic units, high pressure
accumulator, drainpipe, and reservoir are utilized for the comparison of simulation and
measurement results.
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(a)

(b)

(c)

(d)

Figure 50. Comparison of simulation and measurement results for the port temperature of
hydraulic units, (a) Unit 1 to Line A, (b) Unit 1 to Line B, (c) Unit 2 to Line A, and (d) Unit 2 to
Line B.

Figure 50 shows the comparison of simulation and measurement results for the port
temperature of Unit 1 and Unit 2 connected to Line A and Line B, respectively. Even though it
shows some discrepancy in some areas, the simulation results follow well with the measured data
in terms of the variation trend and range.
Figure 51 shows the comparison of simulation and measurement results for the temperature
of the high pressure accumulator, drainpipe, and reservoir. As in the results for hydraulic units,
those show a good agreement with the measured data in terms of the trend and variation range. For
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the high pressure accumulator, there is a large temperature drop when the vehicle mode is switched
to the hybrid mode, and the simulation result describes it well.

(a)

(b)

(c)
Figure 51. Comparison of simulation and measurement results for the temperature of (a) high
pressure accumulator, (b) drainpipe, and (c) reservoir.

In conclusion, the model shows applicable results for analysis of the system in terms of the
overall trend and variation ranges. In order to evaluate the error quantitatively, the mean and
standard deviation of the temperature difference was calculated. Table 8 shows the discrepancy in
temperatures between simulated and measured values. The average values of the mean and
standard deviation show less 1ºC. This error range is acceptable compared to the previous studies,
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where the typical error range is from 5 to 10ºC, even though it depends on the system complexity
and measured duty cycles.

Table 8. Temperature errors of the results for the thermal model for Maha HHV.
Location

U1-A

U1-B

U2-A

U2-B

HPA

Drain

Tank

Average

Mean [ºC]

1.00

1.06

1.01

1.00

0.30

0.52

0.42

0.76

Standard
Deviation [ºC]

0.82

1.05

1.13

0.89

0.83

0.50

0.34

0.79

5.5

Chapter Summary

In this chapter, the system and thermal modeling of a novel mode switching HHT, also
called as Maha HHV, is presented. The main purpose of the thermal modeling in this study is the
analysis of the thermal management system of Maha HHV. The measured data were collected
while driving the vehicle and were utilized for validating the program. The results from the
modeling show a good agreement with the measured data in terms of the trend and variation ranges.
The simulation program can be utilized for performance and stability prediction for different
driving cases, which might be difficult to be measured on the road. The summary and future work
of the chapter can be described as follows:


The system and thermal modeling has been presented for a novel HHV, which has recently
been developed in the Maha lab.



The system and thermal modeling results show a good correlation with the data measured
in vehicle on the road.
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The thermal model was utilized for analysis of the thermal management system of Maha
HHV.



The developed program can be used for predicting different driving situations, which are
difficult to be measured on the road.
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CHAPTER 6.
THERMAL MANAGEMENT OF OPEN AND CLOSED
CIRCUIT HYDRAULIC HYBRID TRANSMISSIONS

In the previous chapters, the methodology for the combined system and thermal modeling
has been described and the model has been studied with validation by the different types of
transmissions with measured data. Since the model shows the ability to model the rapid transient
systems of HHTs under the unsteady conditions, it can be used for handling advanced topics under
such conditions, which have not been dealt with in the past. The thermal characteristics of open
and closed circuit hybrid systems are one of those topics, and in this chapter, the thermal
management of open and closed circuit systems of hydraulic series hybrids are studied using the
methodology described in the previous chapters.
The open and closed circuit series hybrids have clear advantages and disadvantages (Cross
and Ivantysynova 2011). The open circuit hydraulic hybrid requires a small charge pump to supply
the hydraulic unit control systems but does not supply a low pressure system. The open circuit
system also does not require a low pressure accumulator because of the absence of a low pressure
system. However, the closed circuit system requires both a charge pump and a low pressure
accumulator. This simplifies the architecture of the open circuit system, thus decreasing the cost,
weight, and space. On the other hand, the open circuit system requires a larger reservoir than the
closed circuit system because all hydraulic units are directly connected to the reservoir.
In this chapter, open and closed circuit HHTs have been successfully modeled using a
lumped parameter approach in MATLAB/Simulink®, which accurately demonstrated power
consumption and transmission performance. High fidelity empirically derived loss models of axial
piston machines were used in the hydraulic system model. These loss models were developed from
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highly controlled tests of bent-axis machines. Scaling laws were used to account for the different
pump sizes. In addition to the hydraulic model, the thermal model described in Chapter 3 was
applied to both systems, which is based on a thermodynamic approach.
This study shows the advantages and disadvantages of open and closed circuit hydraulic
transmissions. This includes the differences in system cooling requirements, transmission power
consumption, reservoir size and the required number of hydraulic components. To ensure a fair
and accurate comparison of the two architecture designs, high efficiency bent-axis axial piston
machines are used as the pumps and motors, and the unit sizes are the same in the open circuit as
in the closed circuit system. The two different architectures were tested using the same loading
conditions and are applied to the same drive cycle, thus making a fair comparison between open
and closed circuit hydraulic transmissions. The hydraulic system and thermal models also allow
for an accurate sizing of charge pumps and cooler sizes, which are essential in minimizing parasitic
power losses to the prime mover.

6.1

Open and Closed Circuit Hydraulic Hybrid Transmissions

An open and a closed circuit series HHTs with identical hydraulic units and high pressure
accumulator are chosen for comparison. In both systems, Unit 1 is a 100 cc bent-axis unit driven
by the engine shaft. Unit 2 and Unit 3 are both 75 cc bent-axis units that are connected to the rear
and front axles, respectively. A 32 L high pressure accumulator is chosen for both systems. This
size is chosen to capture much of the braking energy of the vehicle. Other hydraulic components
were designed based on the system architecture requirements. Table 9 shows the sizes of the main
components for both systems.

91
Table 9. Sizes of the main components for both systems.
Unit 1

100 cc

Unit 2

75 cc

Unit 3

75 cc

HP Accumulator

32 L

LP Accumulator

42 L

Figure 52 shows the hydraulic circuit of an open circuit series HHT. In the open circuit
system, the unit control pressure is maintained at 20 bar by a 5 cc charge pump. For thermal
management, a recirculation pump is incorporated in the reservoir to provide flow through the
cooler. The size of the reservoir is 60 L, which has been selected based on simulation results.

Figure 52. Hydraulic circuit of an open circuit series HHT.

Figure 53 shows the hydraulic circuit of a closed circuit series HHT. A 27 cc charge pump
is selected for maintaining a stable pressure in the low pressure line. A larger charge pump is
needed in a closed circuit system to resupply the system with the lost flow from the hydraulic units.
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A 42 L accumulator is needed in the low pressure line to exchange flow with the HP accumulator
during braking and acceleration events. The flow through the pressure relief valve from Line B is
sent through the cooler to reduce oil temperature. A reservoir volume of 40 L is chosen for the
closed circuit system.

Figure 53. Hydraulic circuit of a closed circuit series HHT.

6.2

Main Operating Modes

There are different operating modes for the series HHTs. Both open and closed circuits
used in this study are operated by the same modes and Table 10 shows the main operating modes
of the series HHTs used in this study. Most operating modes of the given systems are same as
those of Maha HHV. One difference from the operating modes of Maha HHV is that the ValveHP needs to be open during the braking mode, since the pressure lines are not switchable in the
systems used in this study.
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Table 10. Main operating modes of the series HHTs used in this study.
Mode

Unit 1

Valve-HP

HPA

Unit 2 & 3

Driveline

1

Closed

Idle

Closed

Idle

Zero
Displacement
Motoring

Idle

2

Zero
Displacement
Pumping

Driving

3

Pumping

Open

Discharging

Motoring

Driving

4

Zero
Displacement

Open

Charging

Pumping

Braking

Figures 54 and 55 show the schematics of the main operating modes of open and closed
circuit series HHT, respectively. During the hydrostatic driving mode, the Valve-HP is closed and
the transmission works same as a hydrostatic transmission. The high pressure accumulator is
connected to the main line during the hybrid mode and the system utilizes the energy stored in the
accumulator. During the braking mode, Unit 1 becomes zero displacement and the accumulator is
charged by the regenerative energy from the wheel.
Sequential and secondary controls are used for controlling the operating modes. The
sequential controller is used when the vehicle is accelerating without the aid of the HP
accumulator. During these operating conditions, the vehicle is in a hydrostatic driving mode. The
secondary controller is used when the vehicle is braking or accelerating with the use of the HP
accumulator. The controllers used in this study are identical in both the open and closed circuit
hydraulic system models.
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(a) Hydrostatic Mode

(b) Hybrid Mode

(c) Braking Mode
Figure 54. Schematic of the main operating modes of open circuit series HHT.
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(a) Hydrostatic Mode

(b) Hybrid Mode

(c) Braking Mode
Figure 55. Schematic of the main operating modes of closed circuit series HHT.
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6.3

Thermal Modeling of Open and Closed Circuit Systems

The cooler is used for the management of the temperature within the system. The cooling
performance of the cooler is based on empirical data given by manufacturers. The cooling
performance curve is assumed as a log function of the flow rate through the cooler. Figure 56
shows the cooling performance curves of the coolers used in this study. The cooler is activated
when the input temperature of the cooler is less than 50ºC to prevent excessive cooling, which
consumes unnecessary amounts of power.

Figure 56. Cooling performance curves of the coolers used in this study (ΔT=10ºC).

The thermal model is divided into several control volumes based on the main hydraulic
components in the system. Figures 57 and 58 show the control volumes for the thermal modeling
of the open and closed circuit HHTs, respectively. Thermal behaviors of each control volume are
calculated based on the governing equation discussed in Chapter 3.
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Figure 57. Control volumes for thermal modeling of the open circuit HHT.

Figure 58. Control volumes for thermal modeling of the closed circuit HHT.

98
6.4

Results and Discussion

For the hydraulic system, the simulated and commanded vehicle speeds match very well
for both the open and closed circuit system architectures. The commanded vehicle speeds are taken
from the FPT-72. Figure 59 shows the hydraulic system modeling results for the open and closed
circuit hybrids. The pressure differentials across the hydraulic units for both the open and closed
circuit systems are nearly identical to one another. This is because both system models contain the
exact same vehicle dynamics and the simulated speeds are similar. However, the open circuit
system operates at slightly lower pressures due to the lack of a low pressure system.
It is important to note that when the vehicle is braking, the braking energy is being stored
in the HP accumulator. That can be seen as the HP accumulator pressure increases during braking
events. Equally important is using the power available in the HP accumulator when the vehicle is
accelerating. That can be seen as the HP accumulator pressure drops as the vehicle accelerates.
Since the control strategies of the open and closed circuit systems are identical, then the
displacements of the units are also identical.
The consumed power of the closed circuit system is only slightly higher than that of the
open circuit system. This can be attributed to the larger charge pump required for the closed circuit
system. Another interesting result to consider is the accumulator state of charge. Notice that the
HP accumulator in the closed circuit system does not capture as much fluid as that in the open
circuit system. This is caused by the lower differential pressure of the closed circuit system when
using the same value for the maximum system pressure. Therefore, the open circuit system in this
comparison study can recover slightly more energy than a closed circuit system.
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(a) Open circuit system

(b) Closed circuit system

Figure 59. Hydraulic system modeling results for the open and closed circuit hybrids.
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In order to study the thermal behavior of the systems under investigation, the FTP-72 cycle
is repeated five times. Figure 60 shows the drive cycle with simulated velocities for the open and
closed circuit systems. The hydraulic system results from this driving cycle are used as input
parameters for the thermal model. Since the purpose of this study is the comparison of the thermal
management of two different systems, we chose a representative driving cycle instead of extreme
driving cycles.
The cooling system should be chosen based on the different extreme driving conditions
including high torque situation such as a going uphill situation and also high speed situation. In
our study, we focus the comparison of two different hydraulic systems and we just compared the
required cooler for the given same driving cycles. Since the driving cycle we used is not an extreme
case, the cooling system need to be larger for other extreme driving conditions.

(a) Open circuit system

(b) Closed circuit system

Figure 60. Driving cycle and simulation results for the open and closed circuit systems.

In the thermal systems, the hydraulic units are the main sources of heating up the systems.
A cooler is installed for cooling down the systems and the system is naturally cooled down with
natural heat transfer of each hydraulic component.
Figure 61 shows the system temperature without cooling for the open and closed circuit
systems. Since the systems do not use a cooler, the temperature for both systems rises to over
100ºC. The open circuit system shows a slightly lower temperature distribution than that of the
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closed circuit system. In the open circuit system, large amounts of flow circulate through the
reservoir and this results in relatively large amounts of heat transfer through natural convection.

(a) Open circuit system

Line
A

Line
A

HPA

HPA

Drain Line

Drain Line

Reservoir

Reservoir
(b) Closed circuit system

Figure 61. System temperature without cooling.

The temperature in the closed circuit system increases at a slower rate than the open circuit
system because the capacitance of the closed circuit system is significantly larger than that of the
open circuit system. The capacitance is larger because of the presence of a low pressure system
and a low pressure accumulator.

102
Figure 62 shows the system temperatures with the cooling conditions shown in Figure 56.
For both circuits, the system temperatures are sufficiently reduced with Cooler-2. The systems are
slightly too warm with Cooler-1, and the systems are over-cooled using Cooler-3. Without cooling,
the open circuit system has a slightly lower temperature distribution compared to the closed circuit
system. The open circuit consumes less power and would require a smaller cooler size than the
closed circuit system. The coolers used in this study was chosen based on a representative driving
cycle for the comparison of different systems, not for the cooling system optimization; thus the
cooling system needs to be sized based on extreme conditions for choosing an optimal cooler for
the systems.

Line
A

(a) Open circuit system

Line
A

HPA

HPA

Drain Line

Drain Line

Reservoir

Reservoir
(b) Closed circuit system

Figure 62. System temperature with different cooling conditions.
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6.5

Chapter Summary

In this chapter, the thermal management of the open and closed circuit HHTs has been
compared based on the simulation results. The hydraulic and thermal system behavior of the open
and closed circuit systems were successfully modeled using a lumped parameter approach. The
temperature of both open and closed circuit systems have been compared using different cooling
conditions based on the FTP-72 driving cycle. During the design process, the open circuit systems
have a possibility to need less costs, weight and space without the low pressure system, even
though they require a larger reservoir compared to the closed circuit systems. The simulation
results show that the open circuit systems have the potential to require smaller heat exchangers as
compared to closed circuit systems. In addition, the open circuit system consumes less power from
the prime mover and incorporates a smaller charge pump. The summary of the chapter can be
described as follows:


This study is firstly compared the thermal characteristics of the open and closed circuit
systems by simulation.



The thermal management of the open and closed circuit series HHTs has been analyzed
with the same sizes of hydraulic components to ensure a fair and accurate comparison.



The open circuit system shows a potential to require not only smaller heat exchangers but
also smaller charge pumps. The open circuit system consumes less power from the prime
mover compared to the closed circuit system.
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CHAPTER 7.

CONCLUSIONS

In this dissertation, a comprehensive system and thermal modeling approach has been
proposed for HHTs. A system and thermal modeling methodology based on a novel numerical
scheme, which considering the flow directions for the input parameters in the control volumes,
and accurate theoretical description has been proposed in order to capture the rapid thermal
transient under unsteady state conditions. The model has been verified through application to a
series HHT and validated with the measured data from the HIL test rig with a standard driving
cycle, FTP-72. In addition, the proposed thermal modeling methodology has been used to analyze
the thermal management system of a novel HHV architecture, which is implemented in a vehicle
in the Maha lab. The modeling results have been compared with the measured data while driving
in the vehicle. In both studies, the simulation results show a good agreement with the experimental
data in terms of the overall trends and variation ranges. The thermal study in this dissertation has
not only a contribution in the research area in terms of hydraulic hybrid systems under unsteady
state conditions, but it also shows better accuracy compared to the previous thermal studies. As an
advanced topic of this research, the thermal characteristics of an open and a closed circuit series
hydraulic systems have been evaluated by simulation, which has not been studied in the past. Those
systems were analyzed and compared within the same main hydraulic components for a fair and
accurate comparison. The open circuit system shows a possibility to require not only smaller heat
exchangers but also smaller charge pumps compared to the closed circuit system.
In this study, the following original contributions have been accomplished for the HHTs:


First study on the combined system and thermal modeling for HHTs

105


Development of a thermal system modeling methodology based on a novel numerical
scheme and physics based models for capturing the rapid thermal transient in the hydraulic
system under unsteady state conditions



Analysis of thermal characteristics of a series HHT with validation by the measured data
in the HIL test rig



Analysis and optimization of the thermal management system of a novel HHT, which is
implemented in a SUV



First modeling study on the thermal management of open and closed circuit hydraulic
hybrid systems
In the future, the comprehensive system and thermal modeling method can be used for

different advanced topics. It can be used for system and thermal performance prediction, thermal
management system optimization, and thermal failure prevention based on the proper design of
thermal management systems. Also, it can be applied to studying and analyzing the systems
according to the different factors such as the weather conditions and different working
temperatures. Different configurations of HHTs, like various power-split hydraulic hybrid
architectures, can be studied for predicting the system and thermal performance by simulation to
save time and costs.
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